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GENERAL  INTRODUCTION  TO  THE  SERIES. 


During  the  past  few  years  the  civilised  world  has  begun  to  realise  the 
advantages  accruing  to  scientific  research,  with  the  result  that  an  ever- 
increasing  amount  of  time  and  thought  is  being  devoted  to  various  branches 
of  science. 

No  study  has  progressed  more  rapidly  than  chemistry.  This  science 
may  be  divided  roughly  into  several  branches  ;  namely,  Organic,  Physical, 
Inorganic,  and  Analytical  Chemistry.  It  is  impossible  to  write  any  single 
text-book  which  shall  contain  within  its  two  covers  a  thorough  treatment  of 
any  one  of  these  branches,  owing  to  the  vast  amount  of  information  that  has 
been  accumulated.  The  need  is  rather  for  a  series  of  text-books  dealing  more 
or  less  comprehensively  with  each  branch  of  chemistry.  This  has  already 
been  attempted  by  enterprising  firms,  so  far  as  physical  and  analytical 
chemistry  are  concerned ;  and  the  present  series  is  designed  to  meet  the 
needs  of  inorganic  chemists.  One  great  advantage  of  this  procedure  lies  in 
the  fact  that  our  knowledge  of  the  different  sections  of  science  does  not 
progress  at  the  same  rate.  Consequently,  as  soon  as  any  particular  part 
advances  out  of  proportion  to  others,  the  volume  dealing  with  that  section 
may  be  easily  revised  or  rewritten  as  occasion  requires. 

Some  method  of  classifying  the  elements  for  treatment  in  this  way  is 
clearly  essential,  and  we  have  adopted  the  Periodic  Classification  with  slight 
alterations,  devoting  a  whole  volume  to  the  consideration  of  the  elements  in 
each  vertical  column,  as  will  be  evident  from  a  glance  at  the  scheme  in  the 
Frontispiece. 

In  the  first  volume,  in  addition  to  a  detailed  account  of  the  Elements 
of  Group  0,  the  general  principles  of  Inorganic  Chemistry  are  discussed. 
Particular  pains  have  been  taken  in  the  selection  of  material  for  this  volume, 
and  an  attempt  has  been  made  to  present  to  the  reader  a  clear  account  of 
the  principles  upon  which  our  knowledge  of  modern  Inorganic  Chemistry 
is  based. 

At  the  outset  it  may  be  well  to  explain  that  it  was  not  intended  to  write 
a  complete  text-book  of  Physical  Chemistry.  Numerous  excellent  works 
have  already  been  devoted  to  this  subject,  and  a  volume  on  such  lines  would 
scarcely  serve  as  a  suitable  introduction  to  this  series.  Whilst  Physical 
Chemistry  deals  with  the  general  principles  applied  to  all  branches  of 
theoretical  chemistry,  our  aim  has  been  to  emphasise  their  application  to 
Inorganic  Chemistry,  with  which  branch  of  the  subject  this  series  of  text¬ 
books  is  exclusively  concerned.  To  this  end  practically  all  the  illustrations 
to  the  laws  and  principles  discussed  in  Volume  I.  deal  with  inorganic 
substances. 

Again,  there  are  many  subjects,  such  as  the  methods  employed  in  the 
accurate  determination  of  atomic  weights,  which  are  not  generally  regarded 
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as  forming  part  of  Physical  Chemistry.  Yet  these  are  subjects  of  supreme 
importance  to  the  student  of  Inorganic  Chemistry,  and  are  accordingly 
included  in  the  Introduction. 

Hydrogen  and  the  ammonium  salts  are  dealt  with  in  Volume  II.,  along 
with  the  Elements  of  Group  I.  The  position  of  the  rare  earth  metals  in  the 
Periodic  Classification  has  for  many  years  been  a  source  of  difficulty.  They 
have  all  been  included  in  Volume  IV.,  along  with  the  Elements  of  Group  III., 
as  this  was  found  to  be  the  most  suitable  place  for  them. 

Many  alloys  and  compounds  have  an  equal  claim  to  be  considered  in  two 
or  more  volumes  of  this  series,  but  this  would  entail  unnecessary  duplication. 
For  example,  alloys  of  copper  and  tin  might  be  dealt  with  in  Volumes  II.  and 
V.  respectively.  Similarly,  certain  double  salts — such,  for  example,  as  ferrous 
ammonium  sulphate — might  very  logically  be  included  in  Volume  II.  under 
ammonium,  and  in  Volume  IX.  under  iron.  As  a  general  rule  this  difficulty 
has  been  overcome  by  treating  complex  substances,  containing  two  or  more 
metals  or  bases,  in  that  volume  dealing  with  the  metal  or  base  which  belongs 
to  the  highest  group  of  the  Periodic  Table.  For  example,  the  alloys  of  copper 
and  tin  are  detailed  in  Volume  V.  along  with  tin,  since  copper  occurs  earlier, 
namely  in  Volume  II.  Similarly,  ferrous  ammonium  sulphate  is  discussed  in 
Volume  IX.  under  iron,  and  not  under  ammonium  in  Volume  II.  The  ferro- 
cyanides  are  likewise  dealt  with  in  Volume  IX. 

But  even  with  this  arrangement  it  has  not  always  been  found  easy  to 
adopt  a  perfectly  logical  line  of  treatment.  For  example,  in  the  chromates 
and  permanganates  the  chromium  and  manganese  function  as  part  of  the 
acid  radicles  and  are  analogous  to  sulphur  and  chlorine  in  sulphates  and 
perchlorates ;  so  that  they  should  be  treated  in  the  volume  dealing  with  the 
metal  acting  as  base,  namely,  in  the  case  of  potassium  permanganate,  under 
potassium  in  Volume  II.  But  the  alkali  permanganates  possess  such  close 
analogies  with  one  another  that  separate  treatment  of  these  salts  hardly  seems 
desirable.  They  are  therefore  considered  in  Volume  VIII. 

Numerous  other  little  irregularities  of  a  like  nature  occur,  but  it  is  hoped 
that,  by  means  of  carefully  compiled  indexes  and  frequent  cross-referencing 
in  the  texts  of  the  separate  volumes,  the  student  will  experience  no  difficulty 
in  finding  the  information  he  requires. 

Particular  care  has  been  taken  with  the  sections  dealing  with  the  atomic 
weights  of  the  elements  in  question.  The  figures  given  are  not  necessarily 
those  to  be  found  in  the  original  memoirs,  but  have  been  recalculated,  except 
where  otherwise  stated,  using  the  following  fundamental  values  : — 


Hydrogen  =  1  •00762, 

Sodium  =  22'996. 
Potassium  =  39‘100. 
Silver  =  107-880. 
Carbon  =  12‘003. 
Nitrogen  =  14008. 


Oxygen  =  16 ’000. 
Sulphur  =  32 ’065. 
Fluorine  =  19’015. 
Chlorine  =  35-457. 
Bromine  =  79-916. 
Iodine  =  126-920. 


By  adopting  this  method  it  is  easy  to  compare  directly  the  results  of  earlier 
investigators  with  those  of  more  recent  date,  and  moreover  it  renders  the 
data  for  the  different  elements  strictly  comparable  throughout  the  whole 
series. 

Our  aim  has  not  been  to  make  the  volumes  absolutely  exhaustive,  as 
this  would  render  them  unnecessarily  bulky  and  expensive  ;  rather  has  it 
been  to  contribute  concise  and  suggestive  accounts  of  the  various  topics, 
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and  to  append  numerous  references  to  the  leading  works  and  memoirs  dealing 
with  the  same.  Every  effort  has  been  made  to  render  these  references 
accurate  and  reliable,  and  it  is  hoped  that  they  will  prove  a  useful  feature 
of  the  series.  The  more  important  abbreviations,  which  are  substantially 
the  same  as  those  adopted  by  the  Chemical  Society,  are  detailed  in  the 
subjoined  list. 

In  order  that  the  series  shall  attain  the  maximum  utility,  it  is  necessary 
to  arrange  for  a  certain  amount  of  uniformity  throughout,  and  this  involves 
the  suppression  of  the  personality  of  the  individual  author  to  a  corresponding 
extent  for  the  sake  of  the  common  welfare.  It  is  at  once  my  duty  and  my 
pleasure  to  express  my  sincei’e  appreciation  of  the  kind  and  ready  manner 
in  which  the  authors  have  accommodated  themselves  to  this  task,  which, 
without  their  hearty  co-operation,  could  never  have  been  successful.  Finally, 
I  wish  to  acknowledge  the  unfailing  courtesy  of  the  publishers,  Messrs 
Charles  Griffin  &,  Co-,  who  have  done  everything  in  their  power  to  I'ender  the 
work  straightforward  and  easy. 

J.  NEWTON  FRIEND. 


March  1917. 
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PREFACE. 


The  present  volume  aims  at  giving  a  tolerably  complete  and  readable 
account  of  the  inorganic  chemistry  of  the  elements  of  the  third  group  of  the 
Periodic  Table,  together  with  cerium  and  the  ter  valent  rare  earth  elements. 
Where  they  are  of  particular  interest  or  importance,  however,  various  organic 
compounds  of  these  elements  have  also  been  described,  particularly  in  deal¬ 
ing  with  the  rare  earth  elements. 

So  far  as  was  possible  without  overburdening  the  text,  the  results  of 
modern  physico-chemical  work  have  been  included.  It  is  hoped  that  the 
bibliography  relating  to  the  pure chemistry — inorganic  and  physico¬ 
chemical — of  the  elements  described  is  practically  complete  and  that  no 
important  references  are  omitted.  The  discussions  of  mineralogical,  technical, 
and  analytical  chemistry  are  of  necessity  very  brief,  but  it  is  hoped  that  the 
bibliographies  attached  to  them  will  be  of  service  to  the  reader. 

The  chapters  dealing  with  the  rare  earth  elements  together  constitute 
more  than  half  the  book,  and  form  the  most  complete  account  of  the 
chemistry  of  these  elements  that  has  yet  appeared  in  English.  No  apology 
is  needed  for  the  somewhat  lengthy  discussion  of  the  spectra  of  these  elements. 
The  nature  of  the  cathodic  phosphorescence  spectra  has  been  purposely 
discussed  in  considerable  detail,  and  it  is  hoped  that  the  description  of 
Urbain’s  beautiful  researches  on  this  subject  may  assist  English  chemists 
in  realising  that  the  atmosphere  of  mystery  and  romance  which  they  have 
so  long  associated  with  these  elements  has  at  last  been  dispelled. 

In  the  preparation  of  the  text,  the  Dictionaries  of  Morley  and  Muir, 
Watts,  Wurtz,  and  Thorpe  and  the  Handbooks  of  Abegg,  Dammei',  Fehling, 
Gmelin,  Ladenburg,  and  Moissan  have  been  freely  consulted.  The  Abstracts 
published  by  the  English  and  American  Chemical  Societies  have  also  been 
of  great  service.  A  very  considerable  proportion  of  the  text,  however,  has 
been  j)repared  directly  from  the  original  memoirs.  Books  consulted  for 
information  on  special  topics  are  usually  mentioned  in  footnotes ;  in  addi¬ 
tion  to  those.  Browning’s  Introduction  to  the  Rarer  Elements,  Bdhm’s  Die 
Darstellung  der  seltenen  Erden,  and  Truchot’s  Les  Terres  Rares  may  be 
mentioned.  Most  of  the  references  cited  have  been  checked  by  reference  to 
the  original  journals,  etc. 

The  Author  desires  to  express  his  deep  indebtedness  to  Dr  A.  B.  Searle, 
the  well-known  authority  on  clays,  for  his  kindness  in  critically  revising 
the  proof-sheets  of  Chapters  IV.  and  V.,  and  to  thank  Professor  C.  James, 
of  New  Hampshire  College,  U.S.A.,  Dr  M.  W.  Travers,  F.R.S.,  and  several 
other  gentlemen  for  private  information  on  a  variety  of  points.  For  the 
preparation  of  the  name  index  the  Author*  is  indebted  to  Dr  J.  Newton 
Friend. 

The  photographs  from  which  the  plates  have  been  prepared  were  kindly 
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taken  for  the  Author  by  Mr  K.  Hickman,  the  necessary  facilities  having  been 
granted  by  Professor  A.  Fowler,  F.R.S.,  of  the  Imperial  College  of  Science 
and  Technology,  and  the  rare  earths  having  been  presented  by  Professor 
C.  James. 

Corrections,  omissions,  or  criticisms  will  be  thankfully  received  by  the 
Anther,  who  would  also  be  grateful  for  reprints  of  original  papers  bearing 
on  the  subjects  included  in  the  book. 

H.  F.  V.  LITTLE. 


Thorium,  Ltd.,  Ilford,  Essex, 
March  1917. 


Reprinted  1921. 
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INTRODUCTORY. 

Retaining  Mendeleeff’s  original  numbering  for  the  series,  Group  HI.  of  the 
Periodic  Table  may  be  represented  as  in  the  subjoined  table.  Boron  is  the 
so-called  “typical  element.”  Boron  and  aluminium  are  members  of  the 
short  periods.  The  remaining  elements  belong  to  the  long  periods,  and 
may  be  divided  into  the  odd  subgroup,  or  Subgroup  III.  B, 
viz.,  Ga,  In,  and  Tl,  and  the  even  subgroup,  or  Subgroup 
III.  A,  viz..  Sc,  Y,  La,  and  Ac.  Aluminium  exhibits  a 
marked  resemblance  to  the  members  of  the  odd  subgroup, 
with  which  it  is  usually  classed.  Actinium  will  not  be 
discussed  in  the  present  chapter. 

As  a  non-metal,  boron  possesses  little  in  common  with 
the  other  elements  of  this  group,  but  exhibits  a  formal 
valency  resemblance,  since,  like  the  others,  it  can  function 
as  a  tervalent  element.  The  sesqui-oxide  of  boron,  how¬ 
ever,  appears  to  resemble  the  sesqui-oxides  of  aluminium, 
gallium,  and  indium  in  being  amphoteric.  Boron  also 
resembles  the  metals  of  Subgroup  HI.  B  in  forming  alkyl 
derivatives.^  Apart  from  the  valency  difference,  there  is 
considerable  chemical  similarity  between  boron  and  carbon, 
and  even  more  between  boron  and  silicon. 

The  metals  of  the  even,  like  those  of  the  odd,  subgroup  are  tervalent, 
and  hence  corresponding  compounds  of  all  these  elements  have  similar 
formulse.  The  similarity,  however,  seldom  extends  to  the  water  of  crystallisa¬ 
tion  in  the  case  of  salts,  and,  except  in  the  cases  of  the  ethylsulphates  and 


1  Organomefallic  compounds  of  aluminium,  indium  (Thiel  and  Koelsch,  Zeitsch.  anorg. 
Chem.,  1910,  66,  288),  and  thallium  are  known,  but  no  attempts  have  been  made  to  produce 
gallium  coinpounds  of  this  type. 

VOL.  IV. 


Series. 

Group  III, 

1 

2 

B 

3 

A1 

4 

Sc 

5 

Ga 

6 

Y 

7 

In 

8 

La 

9 

i 

10 

? 

11 

Tl 

12 

Ac 

] 


2 


ALUMINIUM  AND  ITS  CONGENEKS. 


acetylacetonates  of  scandium  and  indium, ^  compounds  of  the  elements  of 
the  even  subgroup  are  not  known  to  be  isomorphous  with  those  of  the 
elements  of  the  odd  subgroup.  Thus,  in  the  even  subgroup  double  sulphates 
with  the  alkali  sulphates  are  known,  but  they  are  not  of  the  alum  type, 
M2S0^.M2"(S04)3,24H20,  given  by  aluminium,  gallium,  indium,  and  possibly 
by  thallium.  y 

The  hydroxides  in  Subgroup  III.  A  are  much  stronger  bases  than  those 
in  Subgroup  III.  B.  With  the  exception  of  thallic  hydroxide,  the  latter  are 
amphoteric.  In  Subgroup  III.  A  the  anhydrous  chlorides,  bromides,  and 
iodides  are  only  slightly  volatile  at  a  red  beat  j  in  Subgroup  III.  B  they 
are  readily  volatile.  Organometallic  compounds  are  not  known  in  Subgroup 
III.  A,  but  they  are  in  Subgroup  III.  B.  In  fact,  in  these  and  other 
characteristics,  the  odd 'and  even  subgroups  of  Group  III.  are  very  similar 
to  the  corresponding  subgroups  of  Group  II. 

In  various  respects  scandium  differs  considerably  from  yttrium  and 
lanthanum.^  The  latter,  however,  exhibit  a  very  close  chemical  resemblance. 
Moreover,  they  are  very  similar  in  chemical  behaviour  to  the  rare  earth 
elements,  with  which  they  are  generally  classed.  The  general  chemical 
characteristics  of  yttrium  and  lanthanum  are  therefore  discussed  later  when 
dealing  with  the  rare  earth  elements.® 

A  number  of  physical  properties  of  the  metals  of  Subgroup  III.  B  are 
given  in  the  accompanying  table,  the  data  for  boron  being  also  given  for 
purposes  of  comparison.  It  will  be  noticed  that  the  order  of  atomic  weights 
is  not  the  order  of  the  melting-points,  and  that  aluminium  is  anomalous  in 
that  it  is  paramagnetic. 


B. 

Al. 

Ga. 

In. 

Tl. 

Atomic  weight .... 

110 

27-1 

69  9 

114-8 

20i  0 

Density . 

2-34 

2-70 

5-96 

7-28 

11-85 

Atomic  volume 

4-72 

10-03 

11-73 

15-77 

17-21 

Melting-point  .... 

c.  2200° 

658° 

30-2° 

155° 

302° 

Boiling-point  .... 

? 

c.  1800° 

? 

? 

1300°-1500° 

Latent  heat  of  fusion  (cals, 
per  gram)  .... 

? 

70-80 

19-1 

? 

7-2 

Specific  heat  .  .  .  | 

0-3066 

0-218 

0-079 

0  0570 

0-0326 

(0°-100°) 

(0°-100°) 

(12°-23°) 

(0°-]00°) 

(20°-100') 

Atomic  heat  .... 

3-37 

5-91 

5-52 

6-54 

6-65 

Coefficient  of  exjiansion  X  10® 

? 

2-44 

! 

4-59 

3-14 

Atomic  refraction  ■*  . 

5-4 

9-5 

14-8 

17-4 

21-6 

Magnetic  susceptibility  ®  i)er 
gram  x  10“  .... 

-0-65 

H-0-6 

-0-23 

-0-1 

-0-22 

Molecule,  in  vapour 

? 

? 

? 

Tl 

,,  in  Hg  solution  . 

»  •  • 

Ala 

Ga 

In 

Tl 

,,  in  Sn  solution  . 

... 

Ala 

? 

Ilia 

Tl 

The  line  spectra  of  aluminium,  gallium,  indium,  and  thallium  resemble 
one  another  in  containing  doublet  series  of  the  principal,  diffuse,  and  sharp 


^  Jaeger,  Proc.  K.  Akad.  Wetensch.  Amsterdam,  1914,  i6,  1095  ;  lice.  trav.  chim.,  1914, 
33,  342.  ®  See  Chapter  IX.  ^  ggg  chapter  X. 

*  Gladstone  and  Dale’s  formula  ;  Ha  line. 

®  See  Owen,  Proc.  K.  Akad.  JVeiensch.  Amsterdam,  1911,  14,  637  ;  Ann.  Physik, 
1912,  [iv.],  37,  657. 
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types.^  The  sharp  series  are  the  best  known  of  them.  Each  may  be 
represented  by  a  Hicks  equation  : — 

S(ot)  =  Sqo  -  109675/(m +  /r  +  a/m)2. 

The  values  of  the  constants  are  as  follows  : —  ^ 


Metal. 

Atomic 

Weight 

W. 

SiOO. 

fi. 

a. 

V. 

W>. 

Al 

27T 

48161-46 

1-250525 

-0-063349 

112-15 

6-54 

Ga 

69-9 

46318-16 

1-292185 

-0-077314 

826-10 

5-91 

In 

114-8 

44454-76 

1  -287479 

-0-069510 

2212-38 

5-96 

Tl 

204-0 

41470-23 

1-264328 

-0-070417 

7792-39 

5-34 

Here  v  denotes  the  doublet  separation,  or,  in  other  words,  the  number  to  add 
to  Sj^oo  to  obtain  Sgoo  .  It  is  obvious  that  the  values  of  the  doublet  separa¬ 
tions  V  are  roughly  proportional  to  the  squares  of  the  atomic  weights  W. 
They  are,  however,  much  more 
nearly  in  accordance  with  Runge 
and  Precht’s  law  ®  that  the  logar¬ 
ithms  of  V  are  proportional  to  the 
logarithms  of  W.  The  relation¬ 
ship  is  shown  graphically  in  fig.  1. 

It  is  of  interest  to  note  that  the 
line  spectra  of  scandium,  yttrium, 
and  lanthanum  also  contain  doub¬ 
let  series  of  the  sharp  and  diffuse 
types.^ 

Aluminium  and  gallium  com¬ 
pounds  impart  no 'colour  to  the 
Bunsen  flame ;  the  spark  spectrum 
of  gallium  is,  however,  very  sensi¬ 
tive.  Indium  and  its  compounds 
colour  the  flame  dark  blue, 
thallium  and  its  compounds  a 
bright  green ;  the  flames  show 


LogBr'ithw  of  doubfeb  Sepsration, 


Fig.  1. 


Relationship  between  spectra  and  atomic 
weights  of  Al,  Ga,  In,  Tl, 


well-defined  spectra. 

The  electrode  potentials  of 
aluminium,  gallium,  indium,  and  thallium  are  not  known  with  much  accuracy, 
but  aluminium  is  the  most  electropositive  of  these  elements.  The  rnetals 
aluminium,  gallium,  and  indium  pass  into  solution  in  dilute  mineral  acids  as 
tervalent  ions  Al"',  Ga"‘,  and  In’",  but  thallium  yields  the  univalent  ion  T1‘. 

The  chlorides  of  the  metals  of  Subgroup  III.  B  are  as  follows : —  . 


AlCL 


GaClg 

GaCL 


InClg 

InCL 

InCl 


3 


TlCl 
Tici; 
TlgCIg 
TlCl 


1  For  a  short  account  of  series  lines  in  spectra,  see  Vol.  I.  of  this  senes.  ,  m  o  a 

2  On  the  series  lines  in  the  spectra  of  Al,  Ga,  In,  H, 

212  33  *  1913  A,  21^,  323  :  Paschen  and  Meissner,  Ann,  1914,  [iv.J,  43,  1223. 

«  See  Watts,  PhiLMag.,  1906,  [vi.],  8,  279.  ‘  Hicks,  loo.  c^t. 
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The  ability  of  the  metals  to  form  chlorides  increases  with  increase  of  atomic 
weight.  It  is  interesting  to  observe  that  whereas  dry  hydrogen  chloride 
reacts  with  heated  aluminium  and  gallium  to  give  AlClg  and  GaClg,  it  yields 
InClg  and  TlCl  with  indium  and  thallium  respectively.  The  trichlorides  are 
hygroscopic  solids  of  low  melting-point  and  volatilise  at  comparatively  low 
temperatures.  They  are  accordingly  intermediate  between  the  less  volatile 
dichlorides  of  the  metals  of  Subgroup  II.  B  and  the  more  volatile  tetra¬ 
chlorides  of  the  elements  -of  Subgroup  IV.  B.  The  stabilities  of  the  tri¬ 
chlorides  diminish  in  the  order  Al,  Ga,  In,  Tl.  Aluminium  chloride  is  stable 
at  a  bright  red  heat ;  gallium  trichloride  begins  to  dissociate  at  c.  1000°, 
and  indium  trichloride  at  a  rather  lower  temperature  j  while  thallium  tri¬ 
chloride  dissociates  at  temperatures  below  100°.  The  bromides  of  the 
metals  of  Subgroup  III.  B  closely  resemble  the  chlorides. 

Each  of  the  metals  under  discussion  forms  a  sesqui-oxide.  The  stabilities 
of  the  sesqui-oxides  diminish  in  the  order  of  increasing  atomic  weights  of  the 
metals.  Thus,  hydrogen  at  a  bright  red  heat  has  no  action  on  alumina,  but 
reduces  gallium  sesqui-oxide  to  the  metal ;  the  reduction  of  indium  sesqui- 
oxide  is  easier  to  accomplish,  and  the  reduction  of  thallic  oxide  still  easier. 
Moreover,  the  last-named  sesqui-oxide  loses  oxygen  when  heated,  passing  into 
thallous  oxide. 

The  hydroxides,  M(OH)3,  are  feeble  bases,  practically  insoluble  in  water. 
It  is  difficult  to  say  definitely  what  is  the  order  of  their  relative  strengths, 
but  gallium  hydroxide  is  undoubtedly  a  weaker  base  than  the  hydroxides  of 
aluminium  and  indium.  With  the  exception  of  the  thallic  compound,  the 
hydroxides  are  also  feeble  acids.  Here,  again,  gallium  appears  to  be  anomalous, 
in  that  its  hydroxide  is  a  stronger  acid  than  the  hydroxides  of  aluminium  and 
indium.^ 

The  soluble  salts  of  aluminium,  gallium,  indium,  and  thallium,^  being 
salts  derived  from  weak  bases,  are  hydrolysed  appreciably  in  aqueous  solution 
at  the  ordinary  temperature,  and  the  degree  of  hydrolysis  increases  with  rise 
of  temperature.  Normal  salts  of  very  weak  acids,  e.g.  carbonic  acid,  cannot 
be  prepared. 

The  sesqui-sulphides,  MgSg,  are  of  interest.  Aluminium  sulphide  is 
completely  hydrolysed  by  water.  Gallium  sulphide  can  be  precipitated  from 
gallium  salts  in  acetic  acid  or  ammoniacal  solution,  but  only  in  the  presence 
of  another  sulphide.  Indium  sulphide  can  be  precipitated  even  in  the 
presence  of  mineral  acids  provided  that  the  concentration  of  acid  is  very 
small.  Finally,  thallic  sulphide  cannot  be  obtained  by  double  decomposition 
in  aqueous  solution  since  it  is  readily  reduced  to  thallous  sulphide. 

The  double  sulphates  of  the  type  M2S04.M2'(S04)g.24H20,  where  M'  =  Na, 
K,  Rb,  Cs,  NH4,  or  Tl,  and  M"'  =  A1,  Ga,  In,  or  Tl,  are  known  as  alums,  and 
form  a  group  of  isomorphous  salts.  Lithium  alums  ai-e  not  known  with 
certainty,®  although  from  the  nature  of  the  known  sodium  alums  it  is  reason¬ 
able  to  suppose  that  lithium  alums  might  exist  at  temperatures  below  the 
ordinary,  say  0°  C.  The  sodium  and  potassium  indium  alums  are  not  known. 
The  only  thallic  alum  known  is  the  ammonium  salt,  and  that  has  only  been 
obtained  as  mixed  crystals  in  association  with  the  aluminium  salt.  Thus, 
as  the  atomic  weights  increase,  the  metals  of  the  odd  subgroup  form  alums 
with  increasing  difficulty. 


*  Lecoq  de  Boisbaudran  ;  see  “Gallium”  in  Wurtz,  Dictionnaire  de  chimie,  SiippUment, 
p.  859.  ^  Thallic  salts  are  understood  here.  ^  See  p.  82. 


INTRODUCTOKY. 


5 


In  addition  to  the  alums,  double  sulphates  of  the  type  MiSo4.M2’(S04)3. 
8H3O  are  known.  The  following  have  been  prepared  ; — 

Al2(S04)3.(NH4)2S04.8Ho0  In2(S04)3.(]SIH4)2S04.8Ho0  Tl2(S04)3.(NH4)2S04.8H20 1 

AVS04)3.K,S04.8H20  “  ]  112^804)3. Na2S04. 81120  "  Tl2(S04)3.K2S04.8H20  1 

1112(804)3.  K2SO4.  8H2O  Tl2(S04)3.  Rb2S04. 8H2O 

With  these  salts  the  stability  increases  with  increase  in  atomic  weight  of  the 
tervalent  metal  present.  The  aluminium  salts,  for  instance,  are  not  stable 
in  contact  with  aqueous  solutions.  In  the  case  of  the  indium  ammonium  salt 
it  is  known  that  the  reversible  change  : — 

In2(S04)3.(NH4)3S04.24H20^In2(S04)3.(NH4)2S04.8H20  +  I6H3O 

occurs,  the  transition-point  being  36°  C.  It  is  therefore  very  probable  that 
the  sodium  and  potassium  indium  alums  could  he  prepared  at  low  temperatures. 
The  octahydrates  are  of  interest  owing  to  the  fact  that  several  sulphates  of 
rare  earth  elements  form  double  salts  of  the  same  type. 

The  alums  afford  instances  of  isomorphism  between  compounds  of 
aluminium,  gallium,  indium,  and  thallium.  Few  other  cases  are  known. 
The  two  following  isomorphous  series  have,  however,  been  examined  in 
detail  : —  ^ 

1.  The  ditetragonal  bipyramidal  series,  EgMXg.2H20  : 

K.5TlClg.2H20  K3lnCl6.2H20 

(NH4)3T1C16.2H20  K3lnBiv2H20 

Rb3TlBr6.2H20 

2.  The  rhombic-bipyramidal  series,  EgMXg.HgO  : 

EbgTlClj.HaO  CsjTlCls.HgO  (NH4)2lnCl5.H20 

EboInCL.H.O  Cs.InCL.HaO  (NHJalnBrs.H^O 

EbglnBi’s.HaO  CsglnBrg.HgO 

The  isomorphism  between  the  double  chlorides  and  bromides  of  tervalent 
indium  and  thallium  is  valuable  evidence  in  favour  of  classifying  these  two 
metals  together  in  the  same  natural  family. 

Little  is  known  of  the  compounds  of  bivalent  galliiirn.  The  halogen 
compounds,  however,  like  the  halides  of  univalent  and  bivalent  indium, 
appear  to  possess  few  of  the  properties  of  salts.  Univalent  thallium,  on  the 
other  hand,  forms  a  well-defined  series  of  stable  salts,  while  the  compounds 
of  tervalent  thallium  are  ill-defined  and  unstable.  In  this  and  in  other  ways 
thallium  differs  from  the  other  members  of  Subgroup  III.  B;  the  peculiarities 
of  this  element,  however,  will  be  discussed  later.® 


^  The  corresponding  double  selenate  is  also  known. 
^  Wallace,  Zeitsch.  Kryst.  Min.,  1911,  49,  417. 

®  See  Chapter  VIII. 


CHAPTER  II, 


BORON. 

Symbol,  B.  Atomic  weight,  11‘0  (0  =  16). 

Occurrence. — Boron  is  widely  distributed  in  nature,  but  it  never  occurs 
in  the  free  state.  It  is  present  in  minute  amounts  in  sea- water  ^  and 
mineral  waters,^  and  is  widely  diffused  in  the  vegetable  kingdom;  ®  the  ashes  of 
nearly  all  fruits  contain  small  quantities  of  boron,  which  is  accordingly  found 
in  wines.  Boron  has  been  detected  in  the  organs  and  tissues  of  various 
animals.^  It  is  also  a  constituent  of  certain  minerals,  of  w'hich  tourmaline, 
danhurite,  and  axinite  may  be  mentioned. 

Small  triclinic  crystals  of  boric  acid  are  occasionally  found  in  nature, 
being  known  as  sassolite.  Boric  acid  is  also  present  in  the  jets  of  steam  that 
issue  from  the  earth  in  certain  volcanic  regions,  and  which  are  called  suffioni 
in  Tuscany.  Salts  of  boric  acid  occur  in  various  parts  of  the  globe,  notably 
in  the  Great. Basin  region  of  the  western  United  States,  in  Chili  and  Peru,  at 
Stassfurt  in  Germany,  in  Asia  Minor,  and  in  Tibet.  The  most  important 
deposits  are  in  the  United  States,  where,  after  borax  had  been  found  in  the 
water  of  Clear  Lake,  California,  vast  surface  deposits  of  borax  were  found  in 
the  desert  marshes  of  California  and  Nevada.  In  1890,  large  deposits  of 
colemanite  were  discovered,  embedded  in  old  tertiary  sediments. 

Mineral  borax,  Na2B40y.  lOHjO,  forms  monoclinic  prisms  of  density  U7 
and  hardness  2  to  2 '5.  It  was  originally  obtained  from  a  salt  lake  in  Tibet 
and  sent  to  Europe  under  the  name  of  tinkal. 

Colemanite  (or  borate  spar)  is  a  hydrated  calcium  borate  of  the  formula 
CajBfjOjpSHgO.  In  appearance  it  resembles  calcspar ;  hardness,  3‘5  to4’5; 
density,  2  A.  Two  other  varieties  of  calcium  borate  are  also  found  :  priceite  (or 
bechilite)  and  pandermite.  Priceite  occurs  in  the  United  States  in  County 
Oregon,  and  is  a  fine,  white,  soft,  chalky  mineral.  Pandermite  occurs  in  an 
enormous  bed  of  gypsum  covered  with  several  feet  of  clay,  in  Asia  Minor, 
just  south  of  the  Sea  of  Marmora.  It  is  exported  from  the  port  of  Panderma. 
In  appearance,  pandermite  closely  resembles  a  fine-grained  white  marble. 


1  Nollner,  J.  prakt.  Chem.,  1867,  I02,  463;  Dieulafait,  Ann.  Chim.  Phys.,  1877,  [v.], 
12,  318  ;  Compt.  rend.,  1881,  93,  224  ;  1882,  94,  1352. 

2  Gooch  and  Whitfield,  Bull.  U.  S.  Geol.  Survey,  1888,  No.  47  ;  Fonzes-Diacon  and  Fabre, 
Compt.  rend.,  1914,  158,  1541. 

®  Jay,  Compt.  rend.,  1895,  121,  896  ;  Forchammer,  Phil.  Trans.,  1865,  155,  208; 
Crampton,  Ber.,  1889,  22,  1072 ;  Baumert,  Ber.,  1888,  21,  3290  ;  Bechi,  Bull.  Soc.  chim., 
1890,  [iii.],  3)  122;  Hotter,  Chem.  Soc.  Abst.,  1890,  p.  1338;  Passerini,  ibid.,  1893,  ii. 
p.  225  ;  von  Lippmann,  Chem.  Zeit.,  1902,  26,  465  ;  Azzavello,  Oazzetta,  1906,  36,  ii.  575  ; 
Dugast,  Compt.  rend.,  1910,  150,  838;  Bertainchand  and  Diigast,  Ann.  Chim.  Anal., 
1910,  IS,  179. 

^  Jay,  loc.  cit.;  Bertrand  and  Agulhon,  Compt.  rend.,  1912,  155,  248  ;  1913,  156,  732. 
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TJlexite  {horonatrocalcite,  tiza,  or  cottonbalh)  is  a  sodium-calcium  borate, 
Na2B40-.Ca2Bg0,^.16H20,  which  occurs  in  considerable  quantities  in  Peru 
and  Chili.  Hardness,!;  density,  1'65.  It  is  found  as  yellowish-white  nodules, 
often  encrusted  with  sodium  sulphate  and  chloride. 

Bm'acite  (or  stass/wrtfte),  2Mg3B50j5.MgCl2,  is  a  double  borate  and  chloride 
of  magnesium.  It  crystallises  in  the  tetrahedral  class  of  the  regular  system  ; 
hardness,  7  ;  density,  3'0.  Boracite  is  found  at  Stassfurt  embedded  in  the 
hainite  deposits  d 

History. — Borax  has  been  known  in  commerce  for  many  centuries.  The 
name  occurs  in  the  writings  of  Geber  and  other  alchemists,  but  it  is 
difBcult  to  say  whether  they  refer  to  the  borax  of  to-day.  In  1702,  Homberg  ^ 
prepared  boric  acid  from  borax,  and  called  it  sal  sedativum.  Lemery,  in 
1728,®  showed  that  sal  sedativiun  could  be  obtained  by  adding  any  mineral 
acid  to  borax ;  and  Baron,  in  1747,* *  discovered  that  borax  was  composed 
of  sal  sedativum  and  soda.  With  the  establishment  of  Lavoisier’s  system  of 
nomenclature,  the  name  sal  sedativum  gave  place  to  horacic  acid,  and  the 
acid  was  looked  upon  as  the  oxide  of  an  unknown  element.  This  element, 
boron,  was  isolated  in  an  impure  state  in  1808  by  Gay-Lussac  and  Thenard, 
and  by  H.  Davy. 

Preparation. — The  following  methods  have  been  proposed  for  the 
isolation  of  boron  : — 

(i.)  Reduction  of  boron  sesqui-oxide  with  potassium,®  sodium,®  magnesium,’’ 
or  aluminium.®  According  to  Wohler  and  Deville,  10  parts  of  boron  sesqui- 
oxide  are  mixed  with  6  parts  of  sodium,  covered  with  5  parts  of  sodium  chloride, 
and  heated  to  redness.  The  magnesium  process  is  discussed  later. 

(ii.)  Electrolysis  of  fused  boron  sesqui-oxide  ®  or  borax.*® 

(iii.)  Reduction  of  boron  trifluoride  by  means  of  heated  potassium.** 

(iv.)  Reduction  of  potassium  borofluoride  by  means  of  heated  potassium 
or  magnesium.*® 

(v.)  Reduction  of  borax  by  heated  magnesium**  or  red  phosphorus.*® 


*  For  further  information  concerning  the  occurrence  of  boron,  see  Merrill,  The  Bon- 
Metallic  Minerals,  2nd  ed.  (Wiley  &  Sons,  1910),  p.  231  ;  de  Launay,  Traitd  de  Mital- 
loginie,  3  vols.  (Paris,  1913),  vol.  i.  p.  621  ;  Dupont,  J.  Eng.  Ind.  Chem.,  1910,  2,  500  ; 
Wainewright,  Trans.  Manchester  Ocol.  Min.  Soc.,  1909,  31,  60;  Reichert,  Chem.  Zentr,, 
1910,  i.  p.  197  ;  Boeke,  Gentr.  Min.,  1910,  p.  531;  Keyes,  %ig.  Min,  J.,  1910,  88,  826. 

®  Homberg,  Mim.  Acad.  Sci.,  1702,  p.  33. 

®  Lemery,  M^7n.  *Acad.  Sci.,  1728,  p.  273. 

*  Baron,  M^m.  Acad.  Sci.  Sav.  6tr.,  1750,  i,  295,  447. 

®  Gay-Lussac  and  Thenard,  Oilb.  Annalen,  1808,  30,  363  ;  Ami.  Ghim.  Phys,,  1809,  69, 
204  ;  Recherches  physico-chimiques,  vol.  i.  p.  276. 

**  Wohler  and  Deville,  Ann.  Ghim.  Phys.,  1858,  [iii.],  52,  63;  Annalen,  1857,  lOl, 
113,  347;  1858,  105,  67. 

’’  Phipson,  Proc.  Roy.  Soc.,  1864,  13,  217;  F.  Jones,  Trans.  Chem.  Soc.,  1879,  35,  42; 
Winkler,  Rer.,  1890,  23,  772;  Moissan,  vide  infra;  W eintr&nh,  vide  infra ;  Ray,  Trans. 
G/iem.  £'oc.,  1914,  105,  2162. 

®  Franck,  Chem.  Zeit.,  1898,  22,  236  ;  Goldschmidt,  Zeitsch.  EleJctrochem. ,  1898,  4,  494  ; 
Weston  and  Ellis,  Trans.  Faraday  Soc.,  1908,  3,  170. 

9  H.  Davy,  Phil.  Trans.,  1809,  99,  75. 

*9  Hampe,  Chem.  Zeit.,  1888,  12,  841;  Stabler  and  Elbert,  Ber.,  1913,  46,  2060; 
Zschille-Hartmann,  Silikai- Zeitsch.,  1914,  2,  34. 

**  Rawson,  Chem.  News,  1888,  58,  283. 

*9  Berzelius,  Pogg.  Annalen,  1824,  2,  113. 

*9  Geuther,  Jahresber.,  1865,  p.  126. 

**  Gatteimann,  Ber.,  1889,  22,  195;  Maisth,  Chem.  Zentr.,  1889,  ii.  p.  905;  Ray, 
vide  supra. 

*®  Dragendorff,  Chem.  Zentr.,  1861,  p.  865. 
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(vi.)  Reduction  of  boron  trichloride  by  means  of  hydrogen.^ 

(vii.)  Reduction  of  the  oxide,  bromide,  or  nitride  of  boron  by  heating  with 
metallic  calcium.^ 

(viii.)  Dissociation  of  magnesium  boride,  “boron  suboxide,”  and  boron 
nitride  in  vacuo  at  high  temperatures  (1500°  and  above).^ 

Pure  boron  was  first  obtained  in  1909,  by  Weintraub.®  Previous  to  this, 
Moissan  claimed  to  have  prepared  boron  containing  not  more  than  2  per 
cent,  of  impurities.^  According  to  Moissan,  the  early  processes  described 
by  Guy-Lussac  and  Thenard,  Berzelius,  and  Wohler  and  Deville,  lead  to 
products  which,  after  purification  by  heating  with  water  and  hydrochloric 
acid,  only  contain  40  to  70  per  cent,  of  boron. 

According  to  the  method  adopted  in  its  preparation,  pure  boron  may  be 
obtained  either  in  small  grains  having  a  sub-metallic  appearance  or  in  the 
massive  form,  the  lumps  exhibiting  a  conchoidal  fracture.  It  is  very  prob¬ 
able,  but  not  certain,  that  in  each  of  these  forms  boron  is  crystalline.  The 
so-called  crystalline  varieties  of  boron  described  by  the  earlier  chemists  are, 
however,  borides  of  aluminium.® 

Moissan,  wbo  considered  that  he  had  prepared  nearly  pure  boron, 
described  it  as  an  amorphous,  brown  powder,  and  most  of  the  earlier 
investigators  described  it  in  similar  terms.  The  researches  of  Weintraub 
and  of  Ray  have  shown,  however,  that  boron  obtained  by  Moissan’s  method 
contains  several  per  cent,  of  oxygen  and  that  under  certain  conditions  the 
oxygen  content  may  reach  as  much  as  16  per  cent.  In  fact,  the  reduction 
of  excess  of  either  boron  sesqui-oxide  or  borax  with  a  suitable  metallic 
reducing  agent  always  leads  to  the  production  of  an  amorphous,  brown 
powder  containing  oxygen.®  Weintraub  refers  to  such  a  product  as  boron 
suboxide ;  it  is  most  probably  a  solid  solution  of  an  oxide  of  boron,  possibly 
B4O3,  in  boron.'*'  This  so-called  amorphous  boron  is  rapidly  converted  into 
boric  acid  when  gently  warmed  with  40  per  cent,  nitric  acid.  Under 
such  treatment  pure  boron  is  hardly  attacked.  The  small  proportion  of  pure 
boron  usually  present  in  the  amorphous  product  can  therefore  be  readily 
isolated. 

The  practical  methods  for  obtaining  pure,  or  nearly  pure  boron,  are  as 
follows  : — 

1.  Reduction  of  Boron  Trifluoride. — The  fluoride,  generated  in  a  lead  or 
platinum  apparatus  to  exclude  silicon  fluoride,  and  free  from  hydrogen 
fluoride,  is  led  over  sodium  heated  in  a  hard  glass  tube  to  the  lowest 
temperature  at  which  reduction  can  be  effected.  The  product  is  extracted 


**  Weintraub,  vide  infra ;  Pring  and  Fielding,  vide  infra ;  Besson  and  Fournier, 
vide  infra, 

®  Moissan,  Ann.  Chim.  Phys.,  1899,  [vii.],  18,  289  ;  cf,,  however,  Stock  and  Holle,  Ber,, 
1908,  41,  209.5. 

®  Weintraub,  Trans.  Amer.  Eledrocliem.  80c.,  1909,  16,  165  ;  J.  hid.  Eng.  Chem.,  1911, 
3,  299;  1913,  5,  106;  U.S.A.  Pat.,  997,879  ;  997,880;  997,881;  997,882;  1,019,394; 
1,019,569  ;  Eng.  Pat.,  21,667,  23,334,  25.978  (1906);  1197  (1907);  25,033  (1910);  7103 
(1911). 

^  Moissan,  Cmnpt.  rend.,  1892,  II4,  319,  392  ;  Ann.  Chim.  Phys.,  1895,  [vii.],  6,  296  ; 
see  also  Binet  du  Jassonneix,  ihid,,  1909,  [viii.],  17,  145. 

®  See  p.  97. 

®  The  product  obtained  by  the  electrolysis  of  fused  borax  also  appears  to  be  amorphous 
and  to  contain  a  considerable  quantity  of  oxygen. 

^  Ray,  -vide  supra. 
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with  water  and  hydrochloric  acid  in  a  platinum  dish,  when  horon  is  left  as 
a  brown  powderd 

A  more  convenient  process  consists  in  substituting  potassium  horofluoride 
for  boron  trifluoride.  Excess  of  the  potassium  salt  is  mixed  with  sodium  in 
a  crucible  lined  with  magnesia,  and  heated  to  redness  in  a  rapid  stream  of 
hydrogen.  The  boron  is  isolated  as  before.  • 

2.  Reduction  of  Boron  Sesqui-oxide  with  Magnesium  a/nd  further  Reduction 
of  the  Suboxide”  obtained. — Early  experimenters  used  for  this  purpose  2 
parts  of  oxide  to  1  of  metal,  the  reaction  being  considered  to  be  as  follows  : — 

2BA  +  3Mg  =  Mg3(B03),  +  2B. 

Moissan  increased  the  amount  of  oxide  to  3  parts,  thereby  keeping  the 
“amorphous  boron”  produced  suspended  in  a  very  fluid  mass  of  boron 
sesqni-oxide  and  away  from  the  air.  His  method  is  as  follows  : — ^ 

Boron  sesqui-oxide  (210  grams),  free  from  sodium,  calcium,  and  silicon 
componnds  and  recently  fused  and  powdered,  is  mixed  in  an  earthenware 
crucible  with  magnesium  turnings  (70  grams)  free  from  iron  and  silicon.  The 
crucible  is  covered  and  placed  in  a  furnace  already  at  a  bright  red  heat. 
Within  five  minutes,  a  violent  reaction  takes  place.  The  mass  is  heated  for 
another  ten  minutes,  then  cooled  and  removed  from  the  crucible.  Externally 
the  reaction  product  is  black ;  internally  it  has  a  maroon  colour,  traversed  in 
all  directions  by  white  crystals  of  magnesium  borate.  The  black  outer  layers 
are  removed  and  rejected.  The  residue  is  powdered  and  boiled  with  a  large 
quantity  of  dilute  hydrochloric  acid.  It  is  then  heated  with  pure  hydro¬ 
chloric  acid  at  the  boiling-point  of  the  latter  for  two  hours,  a  procedure  that 
is  repeated  six  times.  The  solid  residue  is  washed  with  water,  heated  with 
boiling  10  per  cent,  alcoholic  potash,  and  again  washed  with  water.  Finally 
it  is  heated  in  a  platinum  dish  for  four  hours  with  50  per  cent,  hydrofluoric 
acid,  washed  with  water,  and  dried,  first  on  a  porous  plate  and  then  in  a 
vacunm  over  phosphoric  anhydride.  The  product  contains  88  to  90  per  cent, 
boron  and  2  to  4  per  cent,  magnesium  (Weintraub),  the  preceding  treatment 
having  served  to  free  it  almost  completely  from  boron  sesqui-oxide,  magnesium 
borate,  boron  nitride,  and  silica.  To  eliminate  the  remaining  magnesium,® 
the  boron  is  mixed  intimately  with  fifty  times  its  weight  of  boron  sesqui-oxide, 
introduced  between  two  layers  of  the  oxide  in  a  large  earthen  crucible  and 
heated  to  bright  redness.  The  product,  when  cold,  is  treated  by  the  process 
already  described.  In  this  manner  it  is  possible  to  obtain  a  brown,  amorphous 
powder  containing  only  0‘4  per  cent,  of  magnesium.  It  is  advantageous, 
during  each  heating  in  the  furnace,  to  enclose  the  crucible  in  a  larger  one 
brasqued  with  a  finely  powdered  mixture  of  rutile  and  carbon.  An  alter¬ 
native  method  of  eliminating  nitrogen  is  to  carry  out  the  preparation  in  an 
iron  vessel  lined  with  magnesia,  a  rapid  stream  of  hydrogen  being  passed 
through  it."* * 


^  Prof.  H.  Brereton  Baker  ;  private  communication.  Kawson,  vide  supra. 

2  Moissan,  vide  supra. 

®  This  magnesium  is  present  neither  as  borate  nor  boride,  but  is  present  in  solid  solution 
either  as  magnesium  oxide  or  possibly  as  a  borite  (Eay). 

*  Considerable  purification  may  quickly  be  effected  if,  after  the  products  of  the  inter¬ 
action  of  boron  sesqui-oxide  and  magnesium  have  been  treated  with  hydrochloric  acid,  the 
residue  is  submitted  to  fractional  decantation  and  the  lighter  fractions  discarded  (Binet  du 
Jassonneix,  vide  supra  ;  Weintraub,  vide  supra). 
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In  the  course  of  his  investigations  of  the  magnesium  process,  Weintraub^ 
found  that  if  a  higher  tempei-ature  than  that  used  by  Moissan  is  employed, 
there  is  no  difficulty  in  obtaining  a  product  free  from  magnesium.  To  obtain 
the  higher  temperature,  Moissan’s  procedure  may  be  used,  with  charges  of  at 
least  one  kilogram  of  material,  or  the  reaction  may  be  effected  in  a  graphite 
crucible  heated  to  1700°  in  a  vacuum  electric  furnace.  The  high  temperature 

product,  however,  contains  not  4  to  5 
per  cent,  but  14  to  16  per  cent,  of 
oxygen,  and  re-fusion  with  a  large 
excess  of  boron  sesqui- oxide  is  without 
action  upon  it.  If  the  ratio  oxide : 
metal  is  diminished  below  2  ;  1,  the 
product  obtained,  after  the  usual 
chemical  treatment,  consists  mainly 
of  magnesium  boride. 

Magnesium  boride,  “boron  sub¬ 
oxide,”  and  boron  nitride  all  dissociate 
when  heated  in  vacuo  to  sufficiently 
high  temperatures.  With  the  boride, 
the  change  is  perceptible  at  1200°, 
and  is  rapid  at  1500°.  The  suboxide 
and  nitride,  however,  dissociate  with 
more  difficulty,  particularly  the  latter. 
Owing  to  this  dissociation,  it  is  com¬ 
paratively  easy  to  obtain  pure  boron 
from  the  so-called  “amorphous  boron” 
or  “  boron  suboxide,”  and  at  the  same 
time  to  melt  the  boron.  (i.)  One 
method  consists  in  placing  the  powder 
in  a  water-cooled  copper  cup  which 
forms  one  of  two  copper  electrodes,  and 
passing  an  arc  between  them  in  vacuo 
or  in  hydrogen  at  a  few  millimetres 
pressure.  Several  pounds  of  boron 
may  be  prepared  and  melted  at  one 
operation  in  this  manner,  starting 
with  boron  suboxide  (Weintraub). 
(ii.)  Another  method  consists  in  using 
a  “mercury  arc  furnace.”  In  this 
case,  Moissan’s  boron  or  boron  suboxide 
should  be  compressed  into  rods  and 
purified  as  far  as  possible  by  heating 
to  1200°  to  1500°  in  vacuo.  A  boron  rod  D,  mounted  in  a  carbon  holder 
C  to  which  a  lead  B  is  attached,  is  placed  within  the  cylindrical  glass 
apparatus  A  (fig.  2).  The  apparatus  may  be  tilled  with  hydrogen  or 
evacuated  by  means  of  suitable  connections.  The  apparatus  being  evacuated, 
mercury  is  run  in  through  the  funnel  E  until  the  end  of  D  is  just  covered. 
Hydrogen  is  then  admitted  up  to  2'5  to  15  cms.  pressure,  the  electrodes 
H  and  K  connected  to  a  suitable  source  of  current,  and  mercury  run  into 
Gr  until  the  end  of  D  is  clear  of  the  mercury  in  the  lower  part  P  of  the 


Fig.  2. — Mercury  arc  furnace  for 
melting  boron. 


^  Weintraub,  vide  .su^ira. 
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apparatus.  An  arc  is  thus  formed  between  the  boron  and  the  mercury  in 
F,  and,  since  at  the  surface  of  the  latter  great  heat  is  developed,  the  end  of 
D  melts  and  falls  off.  As  the  rod  D  thus  shortens,  more  mercury  is  run  in 
from  time  to  time  from  E.  The  bottomless  alundum  pot  L  prevents  the  arc 
from  straying  to  the  glass.  In  this  manner,  extremely  pure  boron  may  be 
obtained  (Weintraub).  (iii.)  A  third  method,  somewhat  analogous  to  the 
preceding  method  (ii. ),  consists  in  focussing  the  cathode  rays  on  the  powdered 
material,  an  operation  that  must  obviously  be  carried  out  in  a  nearly  perfect 
vacuum.! 

The  preceding  methods  for  obtaining  pure  boron  necessitate  the  employ¬ 
ment  of  special  forms  of  apparatus.  A  fourth  method  is  very  simple  to 
carry  out,  but  does  not  give  the  product  in  the  massive  form,  (iv.)  The 
“  suboxide  ”  is  mixed  with  excess  of  magnesium  or  sodium  and  heated  to 
bright  redness  in  a  stream  of  hydrogen ;  in  the  former  case  magnesium 
boride  is  formed  and  subsequently  decomposed  at  the  high  temperature 
employed.  The  product  is  extracted  successively  with  water,  hydrochloric 
acid,  and  warm  40  per  cent,  nitric  acid.^ 

3.  Reduction  of  Boron  Trichloride  with  Hydrogen.- — This  method,  also  due 
to  Weintraub,  is  based  upon  the  reversible  reaction 

2BCI3  +  3H2  ^  2B  +  6HC1, 

which  has  been  studied  by  Bring  and  Fielding,  and  also  by  Besson  and-Fournier.® 
A  high  temperature  is  necessary  for  the  production  of  boron  by  this  method, 
and  is  obtained  by  the  use  of  an  electric  arc.  The  preparation  is  effected  by 
running  one  or  more  alternating-current  arcs  between  water-  or  air-cooled 
copper  electrodes  in  a  mixture  of  boron  trichloride  vapour  and  a  large  excess 
of  hydrogen ;  a  glass  or  copper  containing  vessel  may  be  used.  The  gases 
are  mixed  by  passing  dry  hydrogen  over  the  surface  of  boron  trichloride 
contained  in  a  vessel  cooled  by  a  freezing  mixture,  or  by  allowing  the  chloride 
to  drop  into  a  vessel  (kept  a  little  above  the  room  temperature)  through 
which  hydrogen  is  passed.  The  boron  is  partly  thrown  off  as  a  fine  powder 
and  partly  settles  on  the  electrodes,  where  it  grows  into  small  rods.  These 
eventually  melt  down  to  beads  and  fall  off,  and  the  process  repeats  itself. 
The  boron  powder,  after  washing  with  water,  contains  99  to  99 ’5  per  cent,  of 
boron  ;  the  fused  lumps  are  pure  boron.  By  any  of  the  processes  already 
mentioned  the  boron  powder  may  be  purified  and  melted. 

Properties. — Boron  is  a  black  solid  of  density  2’34  and  compressi¬ 
bility  0'3  X  10“®  per  atmosphere  at  20°.^  In  hardness  it  is  inferior  only  to 
diamond.  Its  fracture  is  conchoidal ;  it  shows  no  signs  of  microcrystalline 
structure.  It  is  inferior  to  diamond  in  its  toughness  or  strength.  Under 
atmospheric  pressure  boron  melts  at  about  2200°.®  It  passes  into  vapour 
at  temperatures  considerably  below  the  melting-point,  the  vapour  tension 
becoming  noticeable  at  1600°.  The  electrical  conductivity  of  a  piece  of 
massive  boron  at  ordinary  temperatures  is  extremely  small,  but  between 
room  temperature  and  that  corresponding  to  a  dull  red  heat  it  increases  to 


^  Tiede  and  Birnbrauer,  Zeitsch.  anorg.  (Jhem.,  1914,  87,  129;  Tiede,  Ber.,  1913,46, 
2229. 

®  Ray,  Trans.  Chem.  Soc.,  1914,  105,  2162. 

®  Bring  and  Fielding,  Trans.  Chem.  Soc.,  1910,  95,  1497  ;  Besson  and  Fournier,  Compt. 
rend.,  1910,  150,  872  ;  Weintraub,  loc.  cit. 

^  Richards,  J.  Amer.  Chem.  Soc.,  1915,  37,  1646. 

®  Tiede  and  Birnbriiuer,  Zeitsch.  anorg.  Chem.,  1914,  87,  129  ;  Weintraub  gives  2800°. 
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about  two  million  times  its  initial  value.  For  instance,  a  piece  of  boron 
which  had  a  resistance  of  5'62  x  10®  ohms  at  27°  had  a  resistance  of  only 
4'60  X  lO'^  ohms  at  180°  C.  At  a  dull  red  heat  the  resistance  had  fallen  to 
5  ohms.  Over  a  short  temperature  interval  the  resistance  of  boron  is  an 
exponential  function  of  the  temperature.  At  23°  the  specific  resistance  is 
about  1‘7  X  10®  ohms  per  cm.  cube  ;  at  0°  the  value  is  about  2  x  10®.  The 
specific  resistance  of  boron  is  enormously  decreased  at  ordinary  temperatures 
by  the  introduction  into  it  of  small  amounts  of  other  elements,  and  at  the 
same  time  the  very  large  negative  temperature-coefficient  is  diminished. 
Thus,  a  few  tenths  per  cent,  of  carbon  introduced  into  boron  reduces  the 
resistance  to  about  one-twelfth  its  value  at  ordinary  temperatures.^ 

The  atomic  refraction  of  boron  in  saturated  compounds  for  the  D  line 
is  5-3  or  3 '2,  and  for  the  line  5 A  or  3T,  according  as  the  Gladstone  and 
Dale  or  the  Lorenz  and  Lorentz  formula  is  employed.  ^ 

The  spark  and  arc  spectra  of  boron  consist  simply  of  three  lines  in  the 
ultraviolet,  3451 ‘50,  2497‘83*,  and  2496 ‘89*,  the  pair  asterisked  being 
more  persistent  than  the  other  line.®  Two  band  spectra,  however,  are 
associated  with  boron.  The  green  flames  due  to  boric  acid,  alkyl  borates, 
and  boron  fluoride  all  have  practically  identical  band  spectra ;  the  bands 
are  headless,  and  the  most  prominent  are  in  the  green  region  (see  fig.  3 
on  p.  44).  They  have  been  observed  and  measured  by  numerous  scientists.^ 
The  same  bands  are  observed  in  the  arc  spectra  of  boron  and  boron  sesqui- 
oxide,  and  in  the  spark  spectrum  of  a  solution  of  boric  acid  in  hydrochloric 
acid,  and  they  are  attributed  to  oxide  of  boron  ;  they  do  not  occur  in  the 
spark  spectrum  of  boron  itself.®  Another  series  of  bands,  which  have 
definite  heads  and  degrade  towards  the  red,  is  found  in  the  spectrum  of 
boron  trichloride  or  methyl  borate  in  the  afterglow  of  active  nitrogen  (p.  24) ; 
these  bands  also  occur  to  some  extent  in  the  arc  spectrum  of  boron  and  its 
oxide,  and  are  attributed  to  boron  nitride,  but  they  do  not  occur  in  the 
spark  spectrum  of  boron  in  nitrogen.® 

Pure  boron  may  be  strongly  heated  in  air  without  undergoing  any 
perceptible  oxidation.  It  is  oxidised  to  boric  acid  when  heated  with  concen¬ 
trated  nitric  acid,  but  the  rate  of  oxidation  is  very  slow.  It  does  not  combine 
with  either  copper  (Weintraub)  or  magnesium  (Kay)  at  a  red  heat.  Its  other 
chemical  properties  are  unknown. 

Moissan’s  “  amorphous  boron  ”  is  a  maroon-coloured  powder  of  specific 
gravity  2‘45.  Its  specific  heat  increases  rapidly  with  rise  of  temperature,  the 


1  W eintraub,  vide  supra. 

^  Gliira,  Gazzetta,  1893,  23,  i.  452,  ii.  8. 

®  Crookes,  Proc.  Roy.  Soc.,  1912,  A,  86,  36;  de  Gramont,  Compt.  rend.,  1908,  146, 
1260  ;  cf.  Hartley,  Trans.  Chem.  Soc.,  1883,  43,  390  ;  Proc.  Roy.  Soc,,  1883,  35,  301  ; 
Kowland,  Phil.  Mag.,  1893,  [v.],  36,  49;  Kayser  and  Runge,  Wied.  Annalen,  1893,48, 
126  ;  Eder  and  Valenta,  Denlcschr.  K.  Akad.  IViss.  Wien,  1893,  60,  307  ;  Exner  and 
Haschek,  Sitzungsher.  K.  Akad.  IViss.  Wien,  1897,  106,  Ila,  494  ;  Kayser,  Handbuch  der 
Spectroskopie  (Leipzig,  1910),  vol.  v.  p.  134. 

^  Lecoq  de  Boisbaudran,  Compt.  rend.,  1873,  ^6,  833;  Spectres  Lumineux  (Paris, 
1874);  Salet,  Ann.  Chim,  Phys.,  1873,  [iv.],  28,  5;  Traiti  de  spectroscopie  (Paris,  1888); 
Dieulafait,  Ann.  Chim.  Phys.,  1877,  [v.],  12,  318  ;  Ciamician,  Sitzungsher.  K.  Akad.  Wiss. 
Wien,  1880,  82,  II,  425. 

®  Lecoq  de  Boisbaudran,  loc.  (M.\  Hagenbach  and  Konen,  Atlas  der  Emissionspektra 
(Jena,  1906) ;  Hagenbach,  Wiillner  Festschrift  (Leipzig,  1905),  p.  128  ;  Kiihne,  Zeitsch. 
Wiss.  Photochem.,  1906,  4,  173;  Auerbach,  ibid.,  1909,  J,  SO,  41;  Eder  and  Valenta, 
Renkschr.  K.  Akad.  Wiss.  Wien,  1893,  60,  467  ;  Jevons,  vide  infra. 

®  Jevons,  Proc.  Roy.  Soc.,  1915,  A,  91,  120;  cf.  Kiihne,  loc.  eit. 
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mean  value  being  0''3066  between  0°  and  100°,  0-3407  between  0°  and  192°, 
and  0-3573  between  0*  and  235°d 

The  chemical  properties  of  “amorphous  boron”  have  been  described  in 
detail  by  Moissan,^  and  are  given  in  the  following  paragraphs.  It  must,  how¬ 
ever,  be  remembered  that  these  properties  refer  to  a  substance  that  has  been 
shown  by  Weintraub  to  contain  4  to  5  per  cent,  of  oxygen.  It  will  be 
noticed  that  several  of  the  properties  mentioned  are  not  the  properties  of 
pure  boron. 

Boron  unites  directly  with  fluorine  at  the  ordinary  temperature,  with 
chlorine  at  410°,  and  with  bromine  at  700°,  but  is  without  action  on 
iodine.  With  the  halogen  acids  it  reacts  with  greater  difficulty ;  hydrogen 
fluoride  attacks  it  at  a  dull  red  heat,  hydrogen  chloride  at  a  bright  red  heat, 
the  products  being  hydrogen  and  boron  fluoride  or  chloride.  Hydrogen 
iodide  has  no  action  on  boron.  When  heated  in  oxygen,  boron  ignites  with 
the  production  of  heat  and  light,  and  it  burns  in  air  at  700°.®  It  unites 
readily  with  sulphur  at  600°,  producing  the  sesqui-sulphide,  and  combines 
with  selenium  at  a  higher  temperature  ;  it  does  not  combine  directly  with 
tellurium.  The  direct  combination  of  boron  and  nitrogen  occurs  very  slowly 
at  900°,  but  rapidly  at  1250°.  Neither  phosphorus  nor  arsenic  vapour  at 
750°  will  combine  with  boron,  and  antimony  may  be  fused  with  it  without  the 
production  of  any  chemical  change.  When  heated  with  carbon  in  the  electric 
arc  in  an  atmosphei’e  of  hydrogen,  crystalline  boron  carbide  is  produced. 

Boron  does  not  unite  directly  with  the  alkali  metals.  On  the  other  hand, 
it  unites  with  magnesium  at  a  dull  red  heat,  and  with  iron  and  aluminium  at 
a  higher  ternperature.  It  also  unites  with  silver  and  platinum. 

Boron  acts  as  a  powerful  reducing  agent.  It  decomposes  steam  at  a  red 
heat,  reduces  iodic  acid  on  warming,  with  the  liberation  of  iodine,  and  at  a 
temperature  just  below  a  dull  red  heat  it  reduces  sulphur  dioxide.  At  a  dull 
red  heat  the  oxides  of  arsenic  and  carbon  dioxide  are  reduced  by  boron,  at 
800°  phosphoric  anhydride  is  reduced,  and  at  1200°  the  reduction  of  carbon 
monoxide  and  silica  can  be  effected.  At  a  bright  red  heat  boron  burns  in 
either  nitrous  or  nitric  oxide,  producing  boron  oxide  and  nitride.  Concen¬ 
trated  sulphuric  and  nitric  acids  are  readily  reduced  by  boron,  which  becomes 
oxidised  to  boric  acid. 

A  large  number  of  oxides  and  salts  are  reduced  by  boron.  The  oxides  of 
copper,  tin,  lead,  antimony,  and  bismuth  are  reduced  when  gently  warmed 
with  boron,  the  mixtures  becoming  incandescent.  At  a  red  heat  the  oxides 
of  iron  and  cobalt  are  reduced,  but  not  the  alkaline  earth  oxides.  Silver 
fluoride  is  violently  reduced  by  boron  at  ordinary  temperatures,  the  fluorides 
of  zinc  and  lead  at  a  red  heat,  but  not  the  alkali  and  alkaline-earth  fluorides. 
Chlorides  are  less  easy  to  reduce,  but  mercuric  chloride  can  be  reduced  to 
mercury  at  700°.  When  boron  is  fused  with  an  alkali  hydroxide,  a  violent 
evolution  of  hydrogen  occurs,  and  an  alkali  borate  is  produced. 

Reductions  may  be  effected  at  the  ordinary  temperature  with  certain 
aqueous  solutions.  Thus,  potassium  permanganate  is  slowly  reduced,  and 


1  Moissan  and  Gautier,  Ann.  Chim,  Phys.,  1896,  [vii.],  7>  568  ;  ef.  Kopp,  J.  Cheni.  Soe., 
1866,  19,  187;  F.  Weber,  Phil.  Mag.,  1875,  [iv.],  161,  276  ;  Mixter  and  Dana,  Annalen, 
1873,  169,  388  ;  see  also  Vol.  I.  p.  90. 

^  Moissan,  Ann.  Chim.  Phys.,  1895,  [vii.],  6,  296  ;  Compt.  rend.,  1892,  114,  617  ; 
1893,  I17,  423;  1894,  119,  1172. 

3  The  combustion  is  prevented  by  carefully  drying  the  elements  (Baker,  Phil.  Trans., 
1888,  179,  590). 


14 


ALUMINIUM  AND  ITS  CONGENERS. 


precipitates  of  the  respective  metals  are  produced  by  the  action  of  boron  on 
aqueous  solutions  of  silver  nitrate  and  the  chlorides  of  gold,  platinum,  and 
palladium. 

Boron  will  probably  receive  various  practical  applications  in  the  near 
future,  owing  to  its  remarkable  electrical  properties.  Its  volatility  prevents 
its  employment  in  the  manufacture  of  electric  lamp  filaments.  Boron  is  of 
great  use  in  the  purification  of  copper ;  if  0  03  to  0‘1-  per  cent,  be  added  to 
molten  copper  before  it  is  cast,  the  metal  is  deoxidised  and  purified  to  a 
remarkable  extent.  It  is  cheaper,  however,  to  use  “  boron  suboxide  ”  for  the 
purpose.'  A  little  boron  increases  the  breaking  stress  of  steel.'** 

Colloidal  Boron. — Colloidal  solutions  of  boron  may  be  prepared  from 
boron  obtained  by  the  action  of  magnesium,  sodium,  or  potassium  on  boron 
sesqui-oxide,  by  extracting  the  products  of  the  reaction  with  hydrochloric 
acid  and  washing  the  residue  repeatedly  with  water  until  the  water  acquires 
a  decided  colour.  Two  boron  hydrosols  have  been  obtained  by  the  magnesium 
method  :  (i.)  a  relatively  unstable  sol,  and  (ii.)  a  comparatively  stable  sol.  The 
first  is  dark  brown  in  colour,  and  may  be  kept  in  a  closed  vessel  for  not  more 
than  three  or  four  weeks.  It  is  immediately  coagulated  by  electrolytes,  and 
rapidly  oxidised  by  dilute  nitric  acid  or  hydrogen  peroxide.  It  cannot  be 
purified  by  dialysis.  The  second  resembles  the  first  in  appearance,  but  may 
be  kept  for  hine  weeks  and  purified  by  dialysis.  Two  sols  have  been  obtained 
by  the  potassium  method;  they  resemble  those  just  described.  Three  sols 
have  been  obtained  by  the  sodium  method,  and  are  deep  blue  in  colour. 
Two  are  unstable,  but  the  third  is  stable  and  may  be  pujified  by  dialysis. 
Boron  hydrosols  have  a  high  electrical  resistance ;  the  boron  particles  are 
negatively  charged.® 

Atomic  Weight. — It  follows  from  the  analyses  and  vapour  densities 
of  numerous  boron  compounds  that  the  atomic  weight  of  boron  is  three 
times  its  combining  weight. 

The  determinations  of  the  combining  weight  leave  much  to  be  desired. 
Various  attempts  have  been  made  to  measure  the  ratio  NagB^O-.lOHgO  : 
NajB^OY,  but  the  results  of  different  experimenters  do  not  agree,  and  the 
method,  involving  as  it  does  the  use  of  a  hydrated  salt,  is  a  bad  one.  The 
hest  determinations  of  the  combining  weight  are  probably  those  due  to 
Gautier,^  whose  values  for  the  atomic  weight  of  boron,  derived  by  four 
methods,  are  as  follows  : —  ® 


B2S3  :  SBaSO^  :  :  16-8855  :  100 
BfiC  :  CO.2  :  :  177-258  :  100 
BBrg  ;  3AgBr  :  :  44-512  :  100 
BCI3  :  3AgCl  :  ;  27-2845  ;  100 


B  =  ll-028 
B=  10-999 
B  =  ll-027 
B  =  10-955 


The  first  two  ratios  are  only  based  upon  a  few  experiments,  and  from 
the  nature  of  the  analytical  operations  involved  the  results  cannot  be 


'  Weintraub,  US.  Pat.,  1,023,604  ;  see  also  J".  Ind.  Eng.  Chem.,  1910,  2,  477. 

®  Guillet,  Compt.  rend.,  1907,  144,  1049.  See  also  Moissan  and  Cliarpy,  Compt.  rend., 
1895,  120,  130  ;  Hannesen,  Zeitsch.  anorg.  Chem.,  1914,  89,  257  ;  and  Vol.  IX.  of  this  series. 

®  Ageno  and  Barzetti,  Atti  R.  Accad.  Lincei,  1910,  [v.],  19,  i.  381 ;  Gutbier,  Kolloid 
Zeitsch.,  1913,  13,  137. 

^  Gautier,  Ann.  Chim.  Phys.,  1899,  [vii.],  18,  352. 

®  Clarke,  A  Recalculation  of  the  Atomic  Weights,  3rd  ed.  (“Smithsonian  Miscellaneous 
Collections,”  vol.  64,  No.  3,  1910).  The  antecedent  data  have  been  changed  to 
Ag=107-880,  Cl  =  35-457,  Br=79  916,  8  =  32-066,  C  =  12-003,  Ba  =  137-37,  0  =  16-000, 
Na=  22-996. 
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regarded  as  possessing  much  more  than  corroborative  value.  From  a 
chemical  point  of  view  the  other  two  ratios  would  be  expected  to  yield 
more  reliable  results,  but  Gautier’s  method  of  determining  them  is  open  to 
serious  criticism. 

Mention  should  be'  made  of  Ramsay  and  Aston’s  determination  of  the 
ratio  Na2B407  :  2NaCl,  effected  by  distilling  anhydrous  borax  with  hydro¬ 
chloric  acid  and  methyl  alcohol. ^  The  results  obtained  lead  to  the  value 
B  =  10'961.  The  other  determinations  ^  are  of  little  importance. 

The  value  at  present  adopted  for  the  atomic  weight  of  boron  is  B  =  II’O. 


COMPOUNDS  OF  BORON. 

From  the  chemical  point  of  view,  boron  is  decidedly  a  non-metallic 
element.  Thus,  the  halides  are  volatile  compounds  which  are  readily  and 
irreversibly  hydrolysed  by  water.  The  sulphide  of  boron  is  similarly  hydro¬ 
lysed  by  water ;  several  hydrides  are  volatile.  On  the  other  hand,  boron 
sesqui-oxide  appears  to  be  amphoteric.  From  the  physical  standpoint, 
boron  exhibits  a  slight  resemblance  to  the  metallic  elements ;  the  binary 
systems  horon-metal,  for  example,  are  to  some  extent  similar  to  the  binary 
systems  composed  of  two  metals. 

From  the  reactions  of  boron  it  is  clear  that  the  binary  compounds  of 
boron  are  very  stable  substances.  The  heats  of  formation  (H.F.),  given  below, 
fully  bear  out  this  conclusion  : —  ® 

(BFg)  H.F.  =  234-9  Cals.  [BgOg]  H.F.  =  272-6  Cals. 

BClg  93-3  „  [BgSgJ  82-6  „ 

BBrg  43-2  ,, 

Boron  is  tervalent  in  its  halogen  derivatives,  and  appears  to  be  usually 
tervalent  in  its  compounds.  However,  it  seems  at  times  to  exhibit  a 
valency  of  five.  Thus,  Moissan  has  prepared  boron  pentasulphide ;  and  the 
compounds  of  the  formulae  CgH^BCl^,  (CHg)3BNHg,  (C2Hg)gB.NHg,  and 
(C2H5.0)gB.C2Hg.0Na  ^  may  perhaps  contain  pentad  boron  and  be  formnlated 
as  follows  : —  ® 


or 

Cl 

Alkyl^ 

/" 

CgHg.O^ 

yO.CgH 

■  1 

0 

Alkyl — B 

II 

ffi 

CgHg.O-B 

Alkyl^ 

\h 

CgHg.O/ 

\Na 

The  compound  B(CHg)g.NH3,  for  instance,  is  fairly  stable ;  it  melts  at 
51°  and  boils  at  110°.  The  existence  of  certain  additive  products  of  boron 


1  Ramsay  and  Aston,  Trans.  Chem.  Soc.,  1893,  63,  211. 

2  Berzelius,  Pogg.  Annalen,  1826,  8,  1  ;  Laurent,  J.  praU.  Chem.,  1849,  47,  415  ; 
IIoskyns-Abrahall,  Trans.  Chem.  Soc.,  1892,  61,  650;  Rimbacli,  Per.,  1893,  26,  164; 
Armitage,  Proc.  Chem-  Soc.,  1898,  14,  22. 

3  Troost  and  Hautefeuille,  Ann.  Chim.  Phys.,  1876,  [v.],  9,  70;  Berthelot,  Thermo- 
chimie,  vol.  2;  Sabatier,  Compt.  rend.,  1891,  112,  862. 

^  Other  compounds  of  this  type  are  known  (p.  33). 

3  Michaelis  and  Becker,  Per.,  1880,  13,  58  ;  Gustavson,  Per.,  1870,  3,  426  ;  J.  Russ: 
CKem.  Soc.,  1888,  20,  621  ;  Per.,  1880,  13,  58  ;  Frankland  and  Duppa,  Phil.  Trans.,  1862, 
152,  167;  Proc.  Roy.  Soc.,  1876,  25,  165;  Lorenz,  Annalen,  1888,  247,  226  ;  Copaux, 
Compt.  rend.,  1898,  1271  719;  of.  Frankland,  ibid.,  1898,  127,  798, 
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trichloride  and  tribromide  also  suggests  that  boron  is  pentad.  The  same 
hypothesis  appears  necessary  to  account  for  the  nature  of  the  borohydrates 
and  the  lower  oxides  of  boron. 

The  existence  of  a  fairly  stable  hydride,  BgHg,  clearly  shows  that  on 
occasion  boron  may  be  at  least  quadrivalent.  According  to  Stock,  boron  is 
quadrivalent  in  its  hydrides,  and  also  in  the  hypoborates,  e.g.  KOBH3,  which 
would  accordingly  be  written 


K— 0— B-H. 


It  is  of  some  interest  in  this  connection  to  note  that  since  boron  is  occasion¬ 
ally  at  least  quadrivalent,  its  maximum  valency  is  greater  than  its  group 
number  in  the  periodic  table. 

Boron  Hydrides  or  Hydroborons. — The  existence  of  solid  hydrides  of 
boron  has  been  suspected  by  various  chemists.^  The  existence  of  a  volatile 
hydride  was  long  ago  anticipated  from  analogy  with  the  compounds  of  other 
non-metallic  elements ;  but  neither  Wohler  and  Deville  nor  Gustavson  succeeded 
in  preparing  it.  In  1879,  F.  Jones  showed  that  a  volatile  boron  hydride  did 
exist,  and  two  years  later,  F.  Jones  and  Taylor  studied  the  hydride  and 
assigned  to  it  the  formula  BHg.^  Their  work  was  confirmed  in  a  qualitative 
way  by  Sabatier.^  Later,  Ramsay  and  Hatfield  announced  the  existence  of 
what  were,  in  their  opinion,  probably  two  isomeric  hydrides  of  the  formula 
BgHg,^  but  Ramsay  was  unable  subsequently  to  duplicate  the  work.  No 
value  can  be  placed  upon  the  scanty  experimental  data  which  served  to 
deduce  the  preceding  formulas,  since  the  gaseous  boron  hydrides  were 
undoubtedly  contaminated  with  silicon  hydride. 

The  hydrides  prepared  by  Jones  and  Taylor,  Sabatier,  and  Ramsay  and 
Hatfield  were  obtained,  mixed  with  a  very  large  excess  of  hydrogen,  by  the 
action  of  dilute  acids  on  magnesium  boride,  and  similar  gaseous  mixtures 
can  be  obtained  by  the  action  of  acids  upon  commercial  iron  and  manganese 
borides.^  From  the  mixed  gases  produced  from  magnesium  boride  and 
hydrochloric  acid.  Stock  and  Massenez  in  1912  succeeded  in  isolating  two 
distinct  boron  hydrides  of  molecular  formulae  B^H^q  and  BgH^g  >  ® 
since  then  Stock  and  others  have  obtained  several  more  boron  hydrides.'*^ 
Although  the  compound  BHg  is  not  yet  known,  there  are,  according  to  Stock, 
Friederici,  and  Priess,  at  least  ten  boron  hydrides  : — 

(1)  BgHg.  Obtained  by  heating  B_jH,g.  Colourless  gas. 

(2)  B^Hjg.  Obtained  from  magnesium  boride  and  hydrochloric  acid. 

(3)  A  colourless  liquid,  very  unstable,  obtained  like  (1). 

(4)  BgH;^2•  Obtained  like  (2). 


1  Gattermann,  Ber.,  1889,  22, 195  ;  Winkler,  Be7\,  1890,  23,  772  ;  Reinitzer,  Sitzungsher. 
K.  Akad.  TViss.  Wien,  1881,  82,  736  ;  Monatsh.,  1880,  1,  792;  Loitmz,  Annalen,  1888, 
247,  246  ;  J.  Hotfinann,  Chem.  Zeit.,  1911,  35,  265. 

^  Jones,  'Brans.  Chem.  Soc.,  1879,  35,  41  ;  Jones  and  Taylor,  ibid.,  1881,  39,  213. 

®  Sabatier,  Compt.  rend.,  1891,  112,  866. 

^  Ramsay  and  Hatfield,  Proc.  Chem.  Soc.,  1901,  17, 152. 

®  J.  Hoffmann,  Chem.  Zeit.,  1911,  35,  265. 

®  Stock  and  Massenez,  Ber.,  1912,  45,  3539. 

’  Stock  and  Eriederici,  Ber.,  1913,  46,  1959  (BjHg) ;  Stock,  Friederici,  and  Priess,  Ber., 
1913,  46,  3353  (B10H14) ;  Stock,  Zeitsch.  Elektrochem.,  1913,  19,  779, 
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(®)  Obtained  like  (1);  also  by  heating  (1). 

(6)  Non-volatile  solid,  soluble  in  CS.^.  Obtained  like  (1). 

(7)  Non-volatile  yellow  solid,  insoluble  in  CS2.  Obtained  like  (1),  and 

by  heating  (6). 

(8)  Difficultly  volatile  liquid,  obtained  by  heating  (6). 

(9)  Colourless,  non-volatile  solid,  insoluble  in  CSg.  Obtained  by 

heating  (1). 

(10)  Brown  hydride  or  hydrides,  resembling  boron  and  poor  in  hydrogen 
content.  Obtained  by  heating  (7). 

The  starting-point  in  the  preparation  of  the  boron  hydrides  is  crude 
magnesium  boride,  made  by  mixing  1  part  of  very  finely  powdered  boron 
sesqui-oxide  with  3  parts  of  magnesium  powder  and  rapidly  heating  the 
mixture,  10  grams  at  a  time,  in  a  thin  sheet-iron  crucible  in  a  stream  of 
hydrogen.  The  product,  quickly  cooled  in  hydrogen,  is  finely  powdered, 
sifted,  and  slowly  dropped  into  15  per  cent,  hydrochloric  acid  at  50°  to  80°, 
a  slow  stream  of  hydrogen  being  passed  through  the  apparatus.  The  evolved 
gases,  dried  over  calcium  chloride  and  phosphoric  anhydride,  are  passed 
through  U-tubes  cooled  in  liquid  air ;  in  them  the  boron  hydrides  B^Hjq  and 
BgH,2  solidify,  together  with  a  little  carbon  dioxide  and  silicon  hydrides. 

The  distillation  of  this  crude  product  furnishes  in  order  the  following 
fractions :  (i.)  silicon  hydride,  SiH^,  (ii.)  carbon  dioxide,  (iii.)  silicon  hydride, 
Si^Hg,  (iv.)  boron  hydride,  B^Hjg,  (v.)  boron  hydride,  BgHj2,  (vi.)  residue  of  less 
volatile  boron  and  silicon  hydrides.  The  two  hydrides  B^Hjg  and  BgHjg  are 
obtained  as  follows  : — At  the  temperature  of  liquid  air  the  pressure  above 
the  solid  is  reduced  to  zero.  Traces  of  hydrogen  and  silicon  hydride  are 
thus  removed.  The  temperature  is  then  raised  to  -  80°,  when  the  solid 
melts.  The  pressure  is  quickly  lowered  to  a  few  millimetres,  and  the  evolved 
gas  rejected  as  long  as  it  contains  silicon  hydride.  The  gas  then  evolved 
at  -  80°  and  3  mm.  consists  of  the  hydride  B^H^g,  and,  unless  the  room 
temperature  is  above  20°,  partly  condenses  in  the  mercury  pump.  The  residue 
is  distilled  at  -40°  until  the  pressure  falls  to  1'5  mm.,  the  temperature 
raised  to  0°,  and  distillation  continued  until  the  pressure  is  only  10  mm. 
All  the  hydride  B^Hjg  has  then  been  removed,  and  the  residue,  on  further  dis¬ 
tillation,  gives  another  hydride,  BgHj2,  the  pressure  falling  to  less  than  5  mm. 

From  200  grams  of  magnesium  boride,  100  c.c.  (atN.T.P.)  of  pure  hydride 
B^Htq  and  60  milligrams  of  hydride  BgH32  may  be  obtained.^ 

Tetraborodecahydride  or  borobutane,  B4Hig,  is  a  colourless,  very 
volatile  liquid  which  boils  at  16°  to  17°  C.,  and  freezes  at  about  —  112°  C. 
The  vapour  density  is  27-0  (H  =  l),  in  accordance  with  the  formula  given. 
The  vapour  pressures  at  various  temperatures  are  as  follows  : — 

Temp.  °C.  .  .  0°  6°  10°  15°  16° 

Vap.  press,  (in  mms.)  500  580  630  710  740 

The  hydride  has  a  very  disagreeable  odour.  A  few  bubbles  when  inhaled 
affect  respiration  and  cause  headache.  It  is  extremely  unstable,  decomposing 
in  a  few  hours  at  ordinary  temperatures  into  a  series  of  other  hydrides.  It 
is  decomposed  by  electric  sparks,  and  ignites  spontaneously  in  air  or  oxygen, 
burning  with  a  green  flame.  Nitric  acid  oxidises  it  with  explosive  violence. 


1  Stock  and  Massenez,  loo.  cit.  For  a  number  of  improvements  in  the  preparation,  see 
Stock,  Kuss,  and  Priess,  Ber.,  1914,  47,  3116. 
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It  is  slowly  decomposed  by  water,  the  final  result  being  expressed  by  the 
equation : — 

+  I2H2O  =  4H3BO3  +  llHg. 

Aqueous  sodium  hydroxide  rapidly  and  completely  absorbs  the  hydride,  pro¬ 
ducing  a  hypoborate  (p.  28),  but  hydrogen  is  slowly  evolved,  and  the  net 
result  may  be  expressed  thus  : — - 

B^Hjo  +  4NaOH  -f  4H2O  ==.  4NaB02  +  1  IHg. 

The  hydride  is  decomposed  by  alcohol  and  reacts  with  ammonia,  but  its 
solution  in  benzene  is  very  stable  towards  oxygen. ^ 

Hexaborododecahydride  or  borohexylene,  BgHj2,  is  a  colourless 
liquid,  the  vapour  density  of  which  is  in  agreement  with  the  formula  given. 
The  vapour  pressures  at  various  temperatures  are  as  follows  : — 

Temp.  ^  C.  .  .  -  40°  0°  10°  24°  c.  100° 

Vap.  press,  (mm.)  1  10  15  25  760 

The  hydride  has  a  highly  disagreeable  odour,  and  ignites  spontaneously  in  the 
air.  It  is  decomposed  by  water  and  alkalies  more  readily  than  the  preceding 
hydride : — ^ 

B3H12  -P  I8H2O  =  6H3BO3  +  I5H2 
B3H32  +  6NaOH  -f  6H2O  =  GNaBOa  +  I5H2 

Boron  trihydride  or  boro-ethane,  BgHg. — It  has  been  mentioned  that 
the  compound  B^Hjq  is  very  unstable.  When  kept  over  mercury  at  the 
ordinary  temperature  it  decomposes  with  the  formation  of  a  gaseous  hydride 
B2Hg  and  hydrogen.  The  rate  of  decomposition  is  greatly  augmented  by 
ultraviolet  light,  but  not  appreciably  by  sunlight.  The  change  is  practically 
complete  at  100°  after  one  hour. 

Boron  trihydride  is  a  colourless  gas  possessing  a  repulsive  odour  which 
recalls  that  of  B^H^g,  and  also  that  of  hydrogen  sulphide.  Its  vapour  density 
corresponds  with  the  molecular  formula  B2Hg.  The  hydride  melts  at  —  169° 
and  boils  at  -  87°  C.  The  vapour  pressure  of  the  liquid  at  various  tempera¬ 
tures  is  as  follows  : — 

Temp.  °C.  .  .  -130°  -120°  -112°  -110°  -100°  -90°  -87° 

Vap.  press,  (in  cms.)  4  10  22‘4  25  40  65  76 

Boron  trihydride  is  fairly  stable,  but  it  slowly  decomposes  even  at  the 
ordinary  temperature.  When  heated  with  a  free  flame,  solid,  but  not  liquid, 
hydrides  are  produced;  when  sparked,  boron  is  deposited  and  non-volatile 
hydrides  of  unpleasant  odour  are  pi'oduced.  In  the  presence  of  air  it  gives 
rise  to  solids  containing  both  boron  and  oxygen,  and  when  exploded  with 
oxygen  it  reacts  thus  : — 

B2Hg  -|-  3O2  =  B2O3  -f  3H2O.  * 

It  dissolves  in  carbon  disulphide,  and  the  solution  decolorises  bromine  ;  it  does 
not  react  with  dry  hydrogen  chloride,  but  combines  readily  with  dry  ammonia. 

Boron  trihydride  reacts  with  water  to  give  boric  acid  and  hydrogen : — 

B2He  -p  6H2O  =  2H3BO3  -f  6H2. 

Like  the  hydride  B^Hig,  it  gives  a  hypoborate  with  alkali  hydroxide,  but 
some  hydrogen  is  evolved  immediately  the  gas  and  the  hydroxide  oome  into 


^  Stock  and  Massenez,  loc.  cit. 
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contact.  The  hypohorate  slowly  decomposes,  and  the  final  result  may  be 
expressed  thus  : — ^ 

B2H6  +  6NaOH  =  2Na3B03  +  6H2. 

Decaborotetradecahydride,  B^oHj^. — When  the  hydride  B^Hk,  is  heated 
for  four  or  five  hours  to  100°,  or  Avhen  the  hydride  BgHg  is  heated  for  forty- 
eight  hours  to  115°  to  120°,  a  volatile  solid  hydride,  BjqHj^,  is  produced. 

This  hydride  is  a  colourless  solid  of  peculiar  odour  resembling  that  of 
osmium  tetroxide.  It  sublimes  in  vacuo  at  60°  to  80°,  producing  beautiful  long 
needles  of  density  0’94.  It  melts  at  99'5°  to  a  colourless  liquid  that  does  not 
decompose  below  200°.  The  molecular  weight  in  benzene  solution  and  the 
percentage  composition  are  in  harmony  with  the  molecular  formula 

The  hydride  is  soluble  in  alcohol,  ether,  benzene,  and  carbon  disulphide. 
It  is  not  decomposed  by  air  or  water,  is  little  affected  by  nitric  acid,  but  is 
oxidised  by  potassium  permanganate.  It  dissolves  in  alkalies,  forming  a 
yellow  solution. 

When  prepared  from  BjHjq  or  BjHg  by  heating,  the  hydride  B^qHj^  is 
accompanied  by  two  other  non-volatile  solid  boron  hydrides,  which  are  also 
produced  when  B^qHj^  is  heated :  (i.)  a  yellow  hydride,  probably  (B5H^)a;, 
insoluble  in  carbon  disulphide  and  decomposed  by  water;  and  (ii.)  a  colourless 
hydride,  probably  Bj2Ha:,  soluble  in  carbon  disulphide,  not  decomposed  by 
water,  and  converted  into  (i.)  at  150°.^ 

Borides, — The  binary  compounds  of  boron  with  carbon  and  silicon  are 
described  in  this  chapter  as  boron  carbide  and  boron  silicides.  The  binary 
compounds  of  boron  with  other,  more  electropositive  elements,  are  called 
borides,  and  are  described  under  the  headings  of  the  other  elements. 

Boron  and  the  Fluorine  Group. 

Boron  forms  halogen  compounds  of  the  type  BXg.  The  fluoride,®  chloride,^ 
and  bromide®  can  be  prepared  by  the  direct  union  of  their  elements,®  but  not 
the  iodide.  The  chloride  and  bromide  ®  can  also  be  prepared  by  heating  to 
redness  in  a  stream  of  either  chlorine  or  bromine  an  intimate  mixture  of 
boron  sesqui-oxide  and  carbon  : — 

B2O3  -f-  30  -1-  3X2  =  2BX3  +  300. 

The  boron  halides  have  none  of  the  properties  of  salts.  At  the  ordinary 
temperature  the  fluoride  is  a  gas ;  the  liquid  chloride  boils  at  12  "5  0. ;  the 
bromide  is  a  volatile  liquid,  and  the  iodide  a  solid  of  low  melting-point.  Each 
is  rapidly  decomposed  by  water,  the  change  being  expressed,  except  for  the 
fluoride,  by  the  (irreversible)  equation ; — 

BX3  -t-  3H2O  =  H3BO3  -f-  3HX. 

Besson®  has  described  the  bromo-iodides  of  boron,  BBrgI  andBBrIj.  They 
are  colourless  liquids  which  boil  at  125°  and  180°  respectively.  A  mixture 


1  Stock  and  Friederici,  loc.  dt. ;  Stock,  Friederici,  and  Priess,  loc.  cit. 

2  Stock,  Friederici,  and  Priess,  loc.  cit.;  Stock,  Zeitsch.  Elektrochem.,  1913,  19,  779. 
®  Moissan,  Compt.  rend.,  1904,  139,  364. 

*  Berzelius,  Fogg.  Annalen,  1824,  2,  147. 

®  Wohler  and  Deville,  Ann.  Chim.  FTvys.,  1858,  [iii.],  63. 

®  These  syntheses  have  only  been  effected  with  “  amorphous  boron.” 

Dumas,  Ann.  Chim.  Phys.,  1826,  [ii.J,  3^)  ^66. 

®  Poggiale,  Compt.  rend.,  1846,  22,  127. 

®  Besson,  Compt.  rend.,  1891,  II2,  1001. 
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of  these  compounds  and  boron  tri-iodide  is  obtained  when  hydrogen  iodide 
acts  upon  boron  tribromide  at  a  high  temperature. 

Two  oxychlorides  of  boron,  BOCl  and  BOCI3,  have  been  described,  but 
it  is  doubtful  whether  they  really  exist.  The  first  is  stated  by  Gustavson  to 
be  obtained  as  a  white,  gelatinous  solid  when  boron  sesqui-oxide  and  boron 
trichloride  are  heated  together  at  150°  in  a  sealed  tube.^ 

Boron  trifluoride,  BFg,  was  originally  prepared  by  heating  a  mixture 
of  boron  oxide  and  calcium  fluoride  to  a  white  heat  in  an  iron  tube.^  It  may 
be  prepared  by  heating  a  mixture  of  boron  trioxide  (1  pt.)  and  calcium  fluoride 
(2  pts.)  with  concentrated  sulphuric  acid,®  or  better,  by  mixing  100  parts  of 
potassium  borofluoride  with  15  to  20  parts  of  powdered  boron  sesqui-oxide  and 
heating  with  concentrated  sulphuric  acid.^  The  gas  may  be  collected  over 
mercury. 

Boron  trifluoride  is  a  very  stable,  colourless  gas  of  suffocating  odour.  Its 
density  corresponds  to  that  required  for  the  simple  formula  BFg.  When  purified 
from  hydrogen  fluoride  by  passage  over  sodium  fluoride,  it  melts  at  —  127° 
and  boils  at  -  101°.®  The  liquefaction  of  the  fluoride  was  first  effected  by 
Faraday.®  Boron  trifluoride  combines  with  its  own  volume  of  ammonia,  pro¬ 
ducing  a  white,  opaque  solid,  BF3.NH3,  which  can  be  sublimed  without  decom¬ 
position.  Liquids  of  the  composition  BF3.2NH3  and  BFg.SNHg  may  be  obtained 
if  more  ammonia  is  employed  (J.  Davy),  but  their  individuality  is  doubtful. 
With  dry  phosphine  at  —  50°,  boron  fluoride  unites  to  form  a  white,  unstable 
solid  of  the  formula  2BF3.PH3.’’  It  also  combines  with  the  oxides  of  nitrogen.® 

Boron  trifluoride  is  rapidly  absorbed  by  water,  1057  volumes  being 
absorbed  at  0°  0.®  The  products  of  the  reaction  are  boric  acid  and  hydro- 
fluoboric  acid  : — 

4(BF3)  -f-  SHgO  -1-  Aq.  =  3HBF^Aq.  +  HgBOgAq.  -t  98-04  Cals.i® 

Owing  to  the  readiness  with  which  boron  trifluoride  reacts  with  water,  it 
has  been  proposed  as  a  dehydrating  agent  in  organic  chemistry.’^^ 

Boron  trifluoride  appears  to  combine  with  hydrogen  fluoride  in  two  pro¬ 
portions,  giving  rise  to  BFg.HF  or  HBF^  and  BFg. SHF.  Little  or  nothing  is 
known  of  the  latter  beyond  the  fact  that  it  is  a  colourless  liquid  of  normal 
vapour  density.^^  The  former  is  a  well-known  acid,  hydrofluoboric  acid. 

Hydrofluoboric  acid,  HBF^,  was  discovered  by  Berzelius.^®  It  is  obtained 
in  aqueous  solution  when  boron  trifluoride  is  passed  into  water  until  the  liquid 
reacts  strongly  acid,  and  the  solution  is  then  cooled.  The  boric  acid  simul- 

1  Gustavson,  Ber.,  1870,  3,  426  ;  J.  Buss.  CJicm.  Soe.,  1888,  20,  621 ;  R.  Lorenz,  Annalen, 
1888,  247,  226;  Councler,  Ber.,  1878,  ii,  1106;  J.  prakt.  Chcm.,  1878,  [ii.],  18,  399; 
Miohaelis  and  Becker,  Ber,,  1881,  14,  914. 

^  Gay-Lussac  and  Thenard,  Ann.  Chim.  Phys.,  1908,  69,  204  ;  BechercJies  physrco- 
chimiqices,  vol.  ii.  p.  38. 

®  J.  Davy,  Phil.  Trans.,  1812,  102,  365  ;  Berzelius,  Pogg.  Annalen,  1824,  2,  113  ; 
Moissan,  Gompt.  rend.,  1904,  139,  711. 

^  Schiff,  Annalen  Suppl.,  1867,  S>  172. 

®  Moissan,  loc.  cit,  and  Ann.  Chim.  Phys.,  1906,  [viii.],  8,  84. 

®  Faraday,  Phil.  Trans.,  1845,  135,  155. 

Besson,  Gompt.  rend.,  1890,  no,  80. 

®  Kuhlmann,  Annalen,  1841,  39,  319. 

®  Basarow,  Gompt.  rend.,  1874,  78,  1698. 

Hemmerl,  Gompt.  rend.,  1880,  90,  312. 

”  Landolph,  Gompt.  rend.,  1877,  85,  39.  For  its  action  on  various  organic  compounds 
sceLandolph,  ibid.,  1878,  86,  539,  601,  671,  1463  ;  1879,  89,  173  ;  Ber.,  1879,  12,  1583. 

Landolph,  Gompt,  rend.,  1878,  86,  601. 

Berzelius,  Pogg.  Annalen,  1814,  2,  113. 
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taneously  formed  is 'said  to  separate  out  as  metaboric  acid.  An  aqueous 
solution  may  also  be  prepared  by  dissolving  boric  acid  in  a  cold,  dilute, 
aqueous  solution  of  hydrogen  fluoride. 

In  aqueous  solution,  hydrofluoboric  acid  reacts  as  a  monobasic  complex 
acid,  the  ions  of  which  are  H'  and  BF/.  Apparently  there  is  also  a  slight 
secondary  dissociation  of  the  ion  BF/  into  BFg  and  F',  the  BFg  partly 
hydrolysing  to  hydrofluoric  and  boric  acids.  The  diluted  acid  does  not  attack 
glass ;  when  the  solution  is  concentrated,  however,  it  does  so,  since  hydrogen 
fluoride  is  produced.  The  acid  is  poisonous. 

The  salts  of  hydrofluoboric  acid  are  called  horofluorides.  They  may  be 
prepared  (i.)  by  neutralising  the  acid  with  metallic  hydroxides,  oxides,  or 
carbonates,  (ii.)  by  the  action  of  the  so-called  fluoboric  acid  (p.  21)  on  metallic 
fluorides,  and  (iii.)  by  tbe  action  of  a  metallic  fluoride  and  hydrofluoric  acid, 
or  an  acid  fluoride,  on  boric  acid.  In  the  last  case  the  curious  phenomenon 
may  be  observed  of  a  mixture  of  two  acid  liquids  producing  an  alkaline 
solution,  e.g. : — 

H3BO3  -t-  2NaHF2  =  NaBF^  +  NaOH  -i-  2H2O. 

Most  borofluorides  are  soluble  in  water.  The  insolubility  of  the  potassium 
salt  in  50  per  cent,  alcohol  may  be  utilised  for  separating  potassium  from 
sodium  and  magnesium.^  When  heated  to  redness,  borofluorides  yield  boron 
trifluoride  and  a  metallic  fluoride  ■,  with  concentrated  sulphuric  acid,  boron 
trifluoride  and  hydrogen  fluoride  are  evolved.  A  mixture  of  fluoride  and 
borate  is  produced  by  fusing  a  borofluoride  with  an  alkali  carbonate.^ 

Potassium  borofluoride,  KBF4,  may  be  prepared  as  follows : — Boric 
acid  (1  part)  and  calcium  fluoride  (2 '5  parts)  are  heated  with  boiling  sulphuric 
acid  (5’25  parts).  The  liquid  is  cooled  and  Altered,  and  a  solution  of  a 
potassium  salt  added.  Potassium  borofluoride  is  precipitated]  it  is  re¬ 
crystallised  from  hot  water.^  Thus  obtained,  it  forms  anhydrous,  shining, 
six-sided,  prismatic  crystals  of  density  2*5,  and  is  orthorhombic  (a  :  b  :  c  = 
0’7898  :  1  :  1'2830),^  being  isomorphous  with  the  rubidium  salt,  IlbBF^ 
(a:h:  c  =  0‘8067  ;  1  :  1'2948  ;  density  =  2-820).®  When  prepared  from  hydro¬ 
fluoric  acid,  boric  acid,  and  potassium  carbonate,  however,  it  forms  a  gelatinous 
mass  which  is  converted  at  100°  into  crystals  belonging  to  the  cubic  system 
and  showing  the  faces  of  the  octahedron  and  dodecahedron.^ 

The  following  borofluorides  are  also  known  (Berzelius) ; — 

LiBF^  CsBF/  Ca(BF4)2.*H20  Pb(BF4)2 

NaBF,  (NH4)BF/  Ba(BF4)2.H20  Cu(BF4)2 

KBF4  Mg(BF4)2.xH20  A1(BF4)3.^H20 

RbBF/  Zn(BF4)2  Y(BF4)t^H20 

Fluoboric  acid. — When  boron  trifluoride  in  sufficiently  large  amount 
is  passed  into  cold  water,  a  colourless,  syrupy  liquid  is  produced.  A  similar 
liquid  is  obtained  when  as  much  boric  acid  as  possible  is  dissolved  in  a  cold, 
concentrated  solution  of  hydrofluoric  acid  and  the  solution  concentrated  on 

^  Mathers,  Stewart,  Hoasemann,  and  Lee,  J.  Amer.  Chem.  Soc.,  1915,  37,  1515. 

®  Marignac,  Zeitsch.  anal.  Chem.,  1862,  i,  405. 

3  Stolba,  Chem.  Zentr.,  1872,  p.  395  ;  1875,  p.  403  ;  1876,  p.  703. 

Montemartini  (and  Brugnatelli),  Atti  R.  Accad.  Lincei,  1894,  [v.],  3,  i.  339  ;  Oazzelta, 
1894,  24,  i.  478  ;  Zeitsch.  Kryst.  Miw.,  1894,  26,  198, 

Zambonini,  Zeitsch.  Kryst.  Min.,  1905,  41,  57. 

®  Godeffroy,  Ber.,  1876,  9,  1367. 

Stolba,  Chem.  Zentr.,  1890,  i.  211. 
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the  water-bath,  boiled  until  it  evolves  white  fumes,  and  cooled  over  concentrated 
sulphuric  acid.^ 

The  liquid  thus  obtained,  of  density  1-684,  has  a  composition  in  agree¬ 
ment  with  the  formula  llgBgO^.bHF.  It  is  decomposed  by  excess  of  water 
with  the  precipitation  of  boric  acid,  an  aqueous  solution  of  hydrofluoboric 
acid  being  produced.  Berzelius  regarded  the  liquid  as  a  definite  acid, 
of  which  he  could  form  the  alkali  salts  M2B2O4.6MF.H2O  by  neutrali¬ 
sation  with  alkali.  This  view,  however,  is  in  all  probability  erroneous, 
although  the  evidence  against  the  individuality  of  the  liquid  is  not  as 
conclusive  as  could  be  desired.  Distillation  of  the  liquid  is  accompanied  by 
rise  of  boiling-point,  and  the  successive  liquid  fractions  differ  in  density 
and  composition,  whilst  initially  boron  trifluoride  is  evolved.  The  “salts,” 
when  -recrystallised,  yield  first  MF  and  subsequently  a  mixture  of  MF  and 
M2B2O4,  while  the  “acid”  in  aqueous  solution  gives  with  silver  nitrate  a 
precipitate  of  silver  metaborate  mixed  with  silver  oxide.  According  to 
Basarow,  the  liquid  is  merely  a  mixture  of  metaboric,  hydrofluoboric,  and 
hydrofluoric  acids.® 

Two  other  fluoboric  acids  have  been  stated  to  exist,  namely,  H4B2O7.3HF 
and  H4B20g.2HF,  but  little  is  known  concerning  them.®  A  physico-chemical 
study  of  mixtures  of  boric  acid,  hydrofluoric  acid,  and  potassium  fluoride  has 
been  made  by  Abegg,  Fox,  and  Herz,  but  no  definite  conclusions  could  be 
deduced.^ 

Although  no  fluoboric  acids  are  definitely  known,  two  compounds  have 
been  prepared  which  may  be  looked  upon  as  salts  of  such  acids.  These  are 
B20g.2KF  and  KBOg.KF,  to  which  the  constitutions 


F.  .F 

>B.0.b/ 

K.O/  \0.K 


and  F — B 


O.K 


-O.K 


have  been  assigned.  The  former  is  made  by  fusing  7  parts  of  boron  sesqui- 
oxide  with  12  parts  of  potassium  fluoride,  allowing  the  melt  to  cool  slowly, 
and  extracting  soluble  impurities  with  alcohol ;  the  latter,  by  fusing  the  former 
with  the  requisite  amount  of  potassium  carbonate.  The  compounds  dissolve 
without  decomposition  in  a  little  water,  but  much  water  decomposes  them.^ 

Perfluoboric  acid. — This  acid  is  not  known,  but  several  perfluoborates 
have  been  prepared.  Potassium  fluohyperborate,  K4B4F4O44.H2O,  is 
prepared  by  dissolving  the  compound  B2O32KF  in  cold  water,  adding  a 
slightly  alkaline  solution  of  hydrogen  peroxide,  then  adding  alcohol  and 
stirring.  The  dry  salt  is  a  white,  crystalline  solid.  The  aqueous  solution 
is  alkaline  and  slowly  evolves  oxygen ;  dilute  sulphuric  acid  added  to  the 
solution  liberates  hydrogen  peroxide.  Concentrated  sulphuric  acid  decomposes 
the  substance,  ozonised  oxygen  being  evolved. 

The  potassium  salt,  K2B2F203.H20  or  02(BF.0.0K)2.H20,  and  the 
ammonium  salt,  (NH4)2B2F20g.3H20,  have  also  been  obtained.® 


^  Gay-Lussac  and  Thenard,  Ann,  Chim.  Phys.,  1809,  69,  204;  see  also  Berzelius,  Pogg. 
Annalen,  1843,  58,  503 ;  1843,  59,  644. 

®  Basarow,  Oompt.  rend.,  1874,  78,  1698  ;  Per.,  1874,  7,"ll21. 

®  Landolph,  Per.,  1879,  12,  1583. 

*  Abegg,  Fox,  and  Herz,  Zeitsch.  anorg.  Chem.,  1903,  35,  129. 

®  Sohiff  and  Sestini,  Annalen,  1885,  228,  83. 

®  Melikoff  and  Lordkipanidze,  Per.,  1899,  32,  3349,  3510  ;  see  also  Petrenko,  J.  Puss. 
Phys.  Chem,  Soc.,  1902,  34,  37. 
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Boron  subchloride  (?). — When  a  mixhire  of  boron  trichloride  vapour 
and  hydrogen  at  the  ordinary  temperature  is  subjected  to  the  action  of  the 
silent  electric  discharge,  a  pale  yellow,  transparent  substance  is  produced 
which  contains  fewer  than  three  atoms  of  chlorine  per  atom  of  boron.  It  is 
rapidly  decomposed  by  water,  hydrogen  being  evolved  and  a  solution  obtained 
which  possesses  marked  reducing  properties.^ 

Boron  trichloride,  BCI3,  is  best  prepared  by  either  of  the  two  methods 
already  mentioned  (p.  19).  For  the  synthesis,  impure  boron  (prepared  by 
heating  the  oxide  with  magnesium  and  boiling  the  resulting  mass  with  hydro¬ 
chloric  acid)  is  employed.  It  is  heated  to  dull  redness  in  a  stream  of  dry 
hydrogen,  allowed  to  cool  in  the  gas,  and,  after  displacing  the  hydrogen  with 
chlorine,  heated  in  chlorine  to  redness.  The  product  is  strongly  cooled  and 
protected  from  moisture,  shaken  with  mercury  or  silver  powder  to  remove 
chlorine,  and  fractionally  distilled  to  eliminate  hydrogen  chloride  and  silicon 
chloride. 2  Boron  trichloride  is  also  produced  when  boron  sesqui-oxide  is 
heated  for  some  days  at  150* *  with  phosphorus  pentachloride.® 

Boron  trichloride  is  a  colourless  liquid  of  high  refractive  index  and  normal 
vapour  density  (Wohler  and  Deville).  At  0°  C.  its  density  is  1-43386;^  its 
coefficient  of  expansion  is  large.  It  melts  at  -  107°  C.  and  boils  at  12’5°  C. ; 
its  vapour  pressure  is  as  follows  : —  ® 


°  c. 

mm. 

°  C. 

mm. 

°  C. 

mm. 

°  0. 

mm. 

°0. 

ram. 

-80 

4 

-60 

18 

-40 

67 

-20 

197 

0 

477 

-75 

6 

-55 

26 

-35 

89 

-15 

251 

5 

579 

-70 

9 

-50 

37 

-30 

116 

-10 

314 

10 

695 

-65 

13 

-  45 

51 

-25 
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One  gram-molecule  of  the  trichloride,  when  decomposed  by  water,  pro¬ 
duces  79 '2  Cals.®  Boron  trichloride  is  without  action  on  sodium  below  150°, 
zinc  below  200°,  and  sulphur  below  250°,  but  it  reacts  with  sulphur  trioxide 
at  120°,  producing  sulphuryl  chloride  and  boron  sesqui-oxide  (Gustavson).'^ 
When  boron  trichloride  vapour  is  passed  into  liquid  ammonia,  excess  of 
which  is  then  removed  at  -  23°,  15  molecules  of  ammonia  are  fixed  for  each 
molecule  of  the  chloride  used.  The  products  are  horon  amide  and  an 
ammonia  addition-product  of  ammonium  chloride  : — 

BCI3  -t-  I5NH3  =  B(NH2)3  -1-  3NH,C1.3NH3. 

If  the  ammonia  be  removed  at  0*,  only  6  molecules  are  fixed,  since  the  dis¬ 
sociation  pressure  of  ISTH^ChfiNIIg  exceeds  760  mm.  at  0°.®  When  the 
reaction  takes  place  above  0°  C.,  horon  imide,  B2(NH)3,  is  produced  : — 

2B(NH2)3  =  B2(NH)3-t-3NH3. 


*  H.  V.  A.  Briscoe  ;  private  communication. 

2  Schnitzler,  Dingl.  Polyt.  J.,  1874,  2ii,  485;  Wohler  and  Deville,  loc.  cit.  ;  Stock  and 
Priess,  Ber,,  1914,  47,  3109. 

*  Gustavson,  Ber.,  1870,  3,  426  ;  1871,  4j  975. 

*  Ghira,  Zeitsch.  physikal.  Chem.,  1893,  12,  768  ;  Gazzetia,  1893,  23,  i.  452. 

®  Stock  and  Priess,  loc.  cit.  ;  cf.  Regnault,  Mem.  Acad.  Sci.,  1862,  [ii.],  26,  479,  658. 

®  Troost  and  Hautefeuille,  Ann.  Chim.  Phys.,  1876,  [v.],  9,  70. 

’’  For  other  reactions  see  Troost  and  Hautefeuille,  Compt.  rend.,  1872,  75,  1819  ;  Ann. 
Chim.  Phys.,  1876,  [v.],  7,  476. 

*  Joannis,  Compt,  rend.,  1902,  135,  1106. 


24 


ALUMINIUM  AND  ITS  CONGENEKS. 


According  to  Besson,^'  boron  trichloride  forms  a  white,  solid  compound, 
BCI3.PH3,  with  phosphine.  The  following  double  compounds  have  also  been 
described,  besides  various  addition-compounds  with  organic  substances  : 
BCI3.NOCI,  BCI3.POCI3,  BCI3.CNCI,  and  BCI3.HCN.2 

When  boron  trichloride  is  introduced  into  the  afterglow  of  active  nitrogen 
(see  Vol.  VI.),  a  pale  bluish-green  glow  is  developed,  easily  distinguished  from 
the  green  colour  of  the  boric  acid  flame,  and  a  white,  amorphous  solid  that 
contains  both  boron  and  nitrogen  (probably  boron  nitride)  is  deposited.® 

Boron  tribromide,  BBrg,  is  best  prepared  by  either  of  the  two  methods 
already  mentioned  (p.  19) ;  its  preparation  and  puriflcation  may  be  carried  out 
as  described  for  the  chloride.^’  ® 

Boron  tribromide  is  a  colourless,  mobile  liquid  which  boils  at  90'5°  C.  ® 
and  solidifies  to  a  colourless  mass  which  melts  at  —  46°  C.  ®  Its  density 
is  2  6499  at  0°  C.  and  2-6175  at  16-5°.'^  The  vapour  density  is  normal;^ 
the  vapour  pressure  is  as  follows  : —  ® 
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Boron  tribromide  reacts  with  ammonia  at  0°  to  form  doron  imide. 


2BBr3  +  27NH3  =  B2(NH)3  -h  6NH4Br.3NH3.s 

With  phosphine,  boron  tribromide  forms  a  white,  solid  substance  of  the 
formula  BBrg.PHg.®  The-  corresponding  arsenic  compound  BBrg.AsHg,  pre¬ 
pared  by  the  direct  union  of  arsine  and  boron  tribromide  at  —  100°,  is  a  very 
unstable,  white,  amorphous  solid,  which,  on  keeping  in  the  dark  at  0°,  slowly 
decomposes  into  boron  tribromide,  arsenic,  and  hydrogen.^®  The  following 
addition-compounds  are  also  known :  BBrp.PBr,,  BBr„.PBE,.,  2BBrp.PCL, 
2BBr3.PCl3,and_2BBr3.P2l,.ii 

Boron  tri-iodide,  BI3,  was  first  prepared  by  Moissan  in  1891.  He 
obtained  it  by  three  different  methods  :  (i.)  by  acting  upon  boron  trichloride 
vapour  with  hydrogen  iodide  at  a  high  temperature,  (ii.)  by  the  action  of 
iodine  vapour  on  “amorphous  boron”  at  700°  to  800°,  and  (iii.)  by  the  action 
of  hydrogen  iodide  on  “  amorphous  boron  ”  at  a  red  heat.  The  third  process 
is  the  best  to  employ.^^  The  “  boron  ”  to  be  used  must  be  obtained  by 
Wohler  and  Deville’s  method  (p.  7),  washed  with  hydrochloric  acid,  and 
dried  at  200°  in  a  current  of  hydrogen.  It  is  heated  in  a  Bohemian  glass 
tube  in  a  current  of  hydrogen  iodide  (dried  over  calcium  iodide)  to  a 


1  Besson,  Compt.  rend,,  1890,  no,  516. 

2  Geuther,  J.  prakt.  Chem.,  1873,  [ii.],  8,  357  ;  Gustavson,  Ber.,  1871,  4,  975  ;  Martins, 
Annalen,  1859,  109,  80;  Gautier,  Compt.  rend.,  1866,  63,  920. 

®  Jevons,  Proe.  Roy.  Soc,,  1915,  A,  91,  120. 

^  Wohler  and  Deville,  loe.  cit. 

®  Stock  and  Kuss,  Ber.,  1914,  47,  3113. 

®  H.  Gautier,  Ann.  Chim,  Phys.,  1899,  [vii.],  18,  874. 

Ghira,  loe.  cit. ;  Hoskyns-Abrahall,  Trans.  Chem.  Soc.,  1892,  61,  650. 

®  Joaunis,  Compt.  rend.,  1904,  139,  364  ;  cf,  Besson,  ibid.,  1892,  114,  542. 

®  Besson,  ibid.,  1891,  113,  78. 

Stock,  Ber.,  1901,  34,  949, 

“  Tarible,  Compt.  rend.,  1893,  I16,  1521  ;  1901,  132,  83,  204. 

Moissan,  Compt.  rend.,  1891,  II2,  717;  cf.  Besson,  ibid.,  1891,  112,  1001, 
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temperature  just  below  that  at  which  the  glass  softens.  The  crystalline 
product  is  dissolved  in  carbon  disulphide,  shaken  with  mercury  to  remove 
iodine,  and  the  boron  iodide  recovered  by  allowing  the  carbon  disulphide  to 
evaporate. 

Boron  tri-iodide  crystallises  in  colourless,  transparent,  nacreous  plates 
wluch  are  very  hygroscopic  and  are  easily  changed  by  light.  It  melts  at 
43  and  boils  without  decomposition  at  210°.  It  is  soluble  in  carbon 
disulphide,  carbon  tetrachloride,  benzene,  and  other  organic  media. 

Boron  tri-iodide  is  not  attacked  by  hydrogen.  It  is  decomposed  by 
sodium  and  by  magnesium  at  a  red  heat,  but  is  unaffected  by  silver  at  500° 
and  by  sodium  at  210°.  The  iodine  burns  in  oxygen,  is  attacked  by 
phosphorus  at  the  ordinary  temperature,  and  by  sulphur  when  gently 
warmed. 

According  to  Besson,^  boron  tri-iodide  forms  the  compound  BIg.SNHg 
with  ammonia,  and  also  unites  with  phosphine. 


Boron  and  the  Oxygen  Group. 

Oxides  of  Boron. — At  least  four  oxides  of  boron  appear  to  exist,  viz. 
B4O3,  B2O2,  B4O5,  and  B20g.  Of  these,  the  sesqui-oxide,  B20g,  has  been  long 
known,  and  is  a  well-defined  acidic  oxide.  The  dioxide,  B2O2,  is  also  acidic. 

Tetraboron  trioxide,  B^Og. — When  boron  dioxide  is  prepared  by 
method  (ii.)  described  below,  it  is  found  that  about  five  per  cent,  of  the  product 
consists  of  a  substance  insoluble  in  hydrochloric  acid  or  sodium  hydroxide 
but  readily  soluble  in  nitric  acid  with  conversion  into  boric  acid.  This  in¬ 
soluble  product,  when  dried  at  100°,  appears  to  consist  of  a  hydrated  oxide 
of  the  composition  B^03.2H20.2 

Boron  dioxide,  BgOg. — This  oxide  may  be  prepared  as  follows.  Crude 
magnesium  boride,  made  as  described  below,  is  decomposed  by  cold  water  ; 
the  filtered  solution  is  then  treated  by  either  of  the  following  processes : 
(i.)  the  solution  is  evaporated  to  dryness  in  vacuo  and  the  residue  heated ; 
(ii.)  the  solution  is  treated  with  ammonia,  filtered  from  magnesium  hydroxide, 
and  evaporated  to  dryness  in  vacuo  and  the  residue  heated.  In  method  (i.) 
part  of  the  boron  dioxide  obtained  is  present  in  combination  with  magnesia 
(as  a  magnesium  borite)  in  method  (ii.)  the  dioxide  is  obtained  practically 
free  from  magnesia  but  contaminated  with  about  five  per  cent,  of  the  lower 
oxide  B4O3.2H2O. 

Boron  dioxide  is  soluble  in  water.  Its  aqueous  solution  can  be  oxidised 
to  boric  acid  by  evaporation  in  air  or  by  heating  with  nitric  acid,  but  is  not 
affected  by  iodine.  Freezing-point  measurements  indicate  that  the  molecular 
formula  of  the  oxide  is  BgOg.  The  oxide  apparently  combines  with  water 
to  form  an  acid,  and  the  aqueous  solution  dissolves  an  amount  of  freshly 
precipitated  magnesium  hydroxide  corresponding  to  the  production  of  a 
magnesium  horite,  Mg0.2B2()2.^ 

Tetraboron  pentoxide,  B^Og,  is  prepared  by  treating  the  compound 
Mg3B2(OH)(.  with  strong  ammonia  for  several  days  in  an  atmosphere  of 
hydrogen,  filtering,  evaporating  the  filtrate  to  dryness  in  vacuo,  and  heating 
the  residue.  Thus  prepared,  it  forms  a  pale  brown  solid,  infusible  at  the 


^  Besson,  Gompt.  rend.,  1892,  114,  542. 

®  Travers,  Ray,  and  Gupta,  J.  Indian  Inst.  Sci.,  1914,  i,  i.  1,  and  private  communica¬ 
tion  from  Dr  Travers. 
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softening  point  of  Jena  glass.  When  allowed  to  remain  in  vacuo  in  contact 
with  water  it  dissolves,  forming  a  golden-yellow  solution  that  oxidises  rapidly 
in  the  air ;  a  small  flocculent  residue,  apparently  consisting  of  B^03.2H.20,  is 
also  obtained.  It  is  possible  that  the  residue  is  produced  by  the  following 
reaction  : —  ^ 

SB^Og  =  B^Og  +  dBgOg. 

Borohydrates. — When  one  part  of  boron  sesqui-oxide  is  heated  with 
2|-  parts  of  magnesium  powder  for  45  minutes  at  a  red  heat  in  a  rapid 
stream  of  hydrogen,  the  main  products  ai'e  magnesia  and  magnesium  boride, 
MggB^  2 

6Mg  -f  BgOg  =  3MgO  -t  MggBg. 

It  appears  to  be  essential  to  the  success  of  the  experiment  that  the 
mixture  should  gently  deflagrate  for  about  five  minutes  after  the  heating 
commences. 

The  crude  mixture  from  the  foregoing  reaction  evolves  hydrogen  when 
treated  with  "water.  It  has  been  shown  by  Travers,  Ray,  and  Gupta  ^  that 
the  magnesium  boride  is  decomposed  as  follows  : — 

Mg3®2  +  SHgO  =  Mg3B2(OH)8  +  SHg. 

The  product  is  an  almost  white  powder,  insoluble  in  water  ;  it  is  the 
magnesium  derivative  of  a  compound  B2(OH2)g,  which,  from  analogy  with  the 
carbohydrates,  may  be  termed  a  borohydrate. 

The  solution  obtained  by  treating  the  boride  with  water  is  found  to 
contain  small  quantities  of  substances  which  exhibit  the  remarkable  property 
of  evolving  hydrogen,  with  brisk  effervescence,  when  acidified.  These  sub¬ 
stances  are  also  borohydrates  or  allied  compounds,  and,  like  the  hydroborons 
obtained  from  the  magnesium  boride  by  the  action  of  acids,  appear  to  be  the 
products  of  certain  unknown  side  reactions.  The  amounts  of  these  substances 
obtained  are  very  small  in  comparison  with  the  amount  of  boride  required 
for  their  production. 

The  solution  is  usually  yellow,  owing  to  the  presence  of  colloidal  boron. 
It  decomposes  slowly  at  the  ordinary  temperature,  hydrogen  being  evolved. 
In  the  presence  of  platinum  black  the  rate  of  decomposition  is  greatly 
accelerated.  The  solution  precipitates  silver  and  mercury  from  their  salts 
immediately ;  with  copper  salts  either  copper  hydride  or  amorphous  boron 
appears  to  be  precipitated,  according  to  circumstances.  When  acidified,  the 
solution  evolves  hydrogen ;  the  liquid  thus  obtained  decolorises  iodine. 

A  careful,  quantitative  study  of  the  properties  of  the  solution  has  led' 
Travers,  Ray,  and  Gupta  ^  to  the  conclusion  that  the  solution  contains  two 
substances  of  the  formulae  HgB202  and  HgBgOgMg,  the  latter  being  the 
magnesium  derivative  of  a  compound  HgBgOg.  It  is  suggested  that  in  these 
compounds  boron  has  a  valency  of  five  ;  and  if,  as  seems  highly  probable, 
the  evolution  of  hydrogen  takes  place  by  the  elimination  of  pairs  of  hydrogen 


^  Travers  and  Ray,  J.  Indian  hist.  Sci.,  1914,  i,  x.  97. 

2  See  Ray,  Trans.  Chem.  Soc.,  1914,  10$,  2162;  Travers,  Ray,  and  Gupta,  J.  Indian 
Inst.  Sci.,  1914,  I,  i.  1. 

®  Travers,  Ray,  and  Gupta,  loc.  cit. 

*  Travers,  Ray,  and  Gupta,  loc.  cit.  ;  cf.  Travers  and  Ray,  Proc.  Roy.  Soe.,  1912,  A 
87,  163. 
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atoms  attached  to  adjacent  boron  atoms,  the  properties  of  these  compounds 
can  be  explained  by  assigning  to  them  the  formulae : — 

II  and  I 

H2B-OH  HBH3 

The  products  formed  on  treatment  with  acid  arise  in  the  following 
manner : — 

H2B.OH  _B.OH_^ 

H2B.OH  “B.OH  ^ 

HB(0H)3  _  B(0H)3 

HBH3  “BH3 

The  compound  HO.B  :  B.OH,  which  is  analogous  to  hyponitrous  acid  in 
its  structure,  and  the  compound  BHg  :  B(OH)3  are  oxidised  by  iodine  to  boron 
dioxide,  B2O2 ; — 


(hi.) 

B.OH 

B 

:0 

B.OH  "^^2 

"B 

.0  +  2HI 

(iv.) 

BHg 

B; 

;0 

B(0H)3  +  ^^2 

"B: 

Q  +  im  +  K^O 

When  the  solution  obtained  by  the  action  of  water  on  magnesium  boride 
is  treated  with  ammonia,  magnesium  hydroxide  is  precipitated.  In  the  con¬ 
version  of  the  magnesium  derivative  HgBgOgMg  into  the  ammonium  com¬ 
pound,  however,  intra-molecular  change  apparently  occurs,  thus  ; — 


HB(0H)3  HoB(OH), 
HBH3  H2M(oh)  ’ 


for  the  new  product,  when  acidified,  evolves  twice  as  much  hydrogen  as  the 
initial : — 


H,B(OH)„  B(0H)2 
H3BH(0H)  ^  BH(OH)  ^^2 » 


yielding  a  product  which  is  oxidised  by  iodine  to  boron  dioxide,  B2O2 : — 


B(0H)2 

BH(OH) 


B:  0 

-F I2  =  ^  .  Q  -f  2HI  +  H2O. 


The  magnesium  derivative  Mg3B2(OH)g,  already  mentioned,  undergoes 
decomposition  when  treated  with  strong  ammonia  in  an  atmosphere  of 
hydrogen.  Travers  and  Bay,^  who  have  investigated  the  reaction,  conchide 
that  the  soluble  product  of  the  change  is  a  di-ammonium  derivative  of  the 
compound — 

BH2(0H)2.BH(0H)  :  BH(0H).BH2(0H)2. 


When  acidified,  this  compound  loses  hydrogen,  thus : — 


BH2(0H)2.BH(0H)  :  BH(0H).BH2(0H)2 

=  2H2  4-BH(0H)2 


B(OH) :  B(OH)  :  BH(OH) 


2  > 


^  Travers  and  Ray,  J.  Indian  Imt.  Sci.,  1914,  i,  x.  97. 
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and  the  new  product  loses  more  hydrogen  when  treated  with  iodine : — 

BH(OH), :  B(OH) :  B(OH)  :  BH(OH)2  +  l2 

=  2HI  +  B(0H)2.B(0H).B(0H).B(0H)2. 


By  evaporating  the  ammoniacal  solution  in  vacuo  and  heating  the  residue, 
the  oxide  B^Og  is  obtained  (p.  25),  thus : — 


BP2(0H)2.BH(0H).BH(0H).BH2(0H2)  +  2NH3 


=  BO  ;  BO.BO  :  BO  +  5H2  +  H,0  +  2NH3 


Hypoborates. — Stock  and  Kuss  1  have  shown  that  when  either  of  the 
hydrides  BgHg  or  B^Hjg  dissolves  in  aqueous  alkali  hydroxide,  the  initial 
product  is  an  alkali  compound  of  the  type  MO.BH3,  which  they  term  an 
alkali  hypoborate ;  e.g. : — 


B2H6  +2K0H  =  2K0BH3  +  H2 
B4H10  +  4KOH  =  4KOBH3  +  H2. 


Solutions  of  the  alkali  hypoborates  are  fairly  stable  at  0°,  particularly  when 
excess  of  alkali  is  present,  and  may  be  exposed  to  air.  When  boiled,  how¬ 
ever,  decomposition  takes  place  rapidly  : — 


2KOBH3  -1-  2H2O  =  2KBO2  -b  5H2. 

Potassium  hypoborate,  KOBH3,  may  be  isolated  by  dissolving 
potassium  hydroxide  in  one  and  a  half  times  its  weight  of  water  and  treating 
it  with  an  excess  of  B^H^q  at  0° ;  the  solid  hypoborate  is  then  obtained  in 
colourless,  glistening,  octahedral  crystals  which  may  be  dried  in  a  high 
vacuum. 

The  compound  is  stable  when  dry.  It  is  deliquescent,  and  its  aqueous 
solution  slowly  decomposes  at  the  ordinary  temperature.  Acids,  even  acetic 
acid,  immediately  decompose  it.  The  aqueous  solution  is  a  powerful  reducing 
agent,  and  gives  precipitates  with  solutions  of  most  salts,  but  insoluble  hypo¬ 
borates  are  never  obtained.  With  copper  sulphate,  a  precipitate  of  copper 
hydride,  CuHg,  is  obtained ;  with  nickel  sulphate  a  very  remarkable  change 
takes  place,  nickel  boride,  NigB,  being  precipitated. 

When  potassium  hypoborate  is  heated  to  500°,  potassium,  hydrogen,  and 
water  are  expelled.  The  water  is  evolved  first,  and  is  completely  expelled  at 
200° ;  potassium  begins  to  distil  from  the  residue  at  400°.  The  reaction  may 
be  expressed  thus  : — 

5KOBH3  =  K3B5O3  +  2K  -b  2H2O  -b  1 IH. 


The  residue,  K3B5O3,  is  soluble  in  water,  giving  an  alkaline  solution  the 
properties  of  which  resemble  those  of  a  solution  obtained  by  heating  boric 
oxide  with  magnesium  and  extracting  the  product  with  water. 

Sodium  hypoborate,  NaOBHg,  resembles  the  potassium  compound. 
The  barium  and  magnesium  hypoborates  are  only  known  in  aqueous  solution. 

Boron  sesqui-oxide,  boron  trioxide,  or  boric  anhydride,  B2O3,  the 
best-defined  of  the  oxides  of  boron  at  present  known,  is  formed  when  boron 
burns  in  air  or  oxygen,  and  is  prepared  by  heating  boric  acid  to  I'edness  in  a 
platinum  dish,  water  being  eliminated  and  boron  sesqui-oxide  left  behind. 


^  Stock  and  Kuss,  Ber.,  1914,  47,  810. 
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Boron  sesqui-oxide  is  an  amorphous,  colourless,  glassy  solid,  which  has  no 
definite  melting-point,  but  which  is  decidedly  liquid  at  657°.i  It  vaporises 
rapidly  in  vacuo  at  a  bright  red  heat.^  Its  density  is  I '877  at  0°,  1'848  at 
12  ,  and  1'699  at  80°,  the  coefficient  of  cubical  expansion  being  0'001308.® 
Between  16  and  98  its  specific  heat  is  0'2374.^  It  is  a  very  bad  conductor 
of  electricity.® 

Boron  sesqui-oxide  is  a  very  stable  compound,  but  it  can  be  reduced  to 
boron  by  sodium,  potassium,  aluminium,  and  magnesium,  as  has  been  already 
mentioned  (p.  7).  It  is  attacked  by  hydrofluoric  acid  and  reacts  with 
heated  metallic  fluorides,  boron  fluoride  and  crystalline  metallic  oxides  being 
produced.®  Being  only  slightly  volatile  at  a  red  heat,  boron  sesqui-oxide 
is  capable  of  decomposing  nitrates,  sulphates,  etc.,  borates  and  volatile 
acids  (or  their  decomposition  products)  being  produced.^ 

Boron  sesqui-oxide  is  the  anhydride  of  boric  acid,  into  which  it  passes 
when  dissolved  in  water.  The  oxide  is  very  hygroscopic. 

Boron  sesqui-oxide  combines  with  a  number  of  other  anhydrides  to  form 
what  may  be  regarded  as  mixed  anhydrides.  The  compound  B2O3.P2O5,  some¬ 
times  called  borophosphoric  acid  or  boron  phosphate,  was  first  prepared 
by  Vogel®  by  adding  crystalline  boric  acid  to  a  boiling  solution  of  phosphoric 
acid.  According  to  Mylius  and  Meusser,®  when  these  two  acids  are  heated 
together  at  80°  to  100°  the  product  has  the  composition  B2O3.P2O5.2H2O 
or  (B0)H2P0^.  Boric  and  phosphoric  acids  also  condense  together  in  sul¬ 
phuric  acid,  acetic  acid,  or  acetic  anhydride  as  solvent,  producing  boro¬ 
phosphoric  acid.  This  substance  is  a  white  powder,  which,  although  readily 
hydrolysed  by  water  when  freshly  prepared,  is  quite  inert  after  it  has 
been  dried  at  400°.  At  a  red  heat,  it  becomes  distinctly  crystalline.  The 
mixed  anhydrides  S03.B20g  and  2SO3B2O3  may  be  prepared  by  heating 
sulphuric  and  boric  anhydrides  together  in  sealed  tubes  at  II5°~I20°  and 
230*  respectively,  a  mixture  of  both  being  obtained  at  intermediate 
temperatiires.^®  They  are  colourless,  amorphous,  hygroscopic  solids  which, 
when  strongly  heated,  dissociate  into  sulphur  and  boron  trioxides,  and  which 
are  readily  hydrolysed  by  water  to  sulphuric  and  boric  acids.  The  compound 
(2B2O3.3SO3.3H2O  or  BHS04)3  is  produced  by  the  interaction  of  boric  and 
sulphuric  acids  ;  other  compounds  of  the  type  a;B203.yS03.zH20  have  been 
described,  but  their  existence  has  not  been  confirmed. 

The  existence  of  the  preceding  compounds  is  generally  held  to  show  that 
boron  sesqui-oxide  may  act  as  a  feeble  base,  in  which  case  boron  sesqui-oxide 
must  be  classed  among  the  amphoteric  oxides.^® 


1  Carnelley,  Trans,  Chem.  Soc.,  1878,  33,  278. 

2  Tiede  and  Birnbrauer,  Zeitsch.  anorg.  Chem.,  1914,  87,  129. 

®  Ditte,  Ann.  Chim.  Phys.,  1878,  [v.],  13,  67. 

Regnault,  ibid.,  1841,  [iii.],  I,  129. 

®  Lapschin  and  Tichanowitsch,  Phil.  Mag.,  1861,  [iv.],  22,  308  ;  Bowgoin,  Compt.  rend., 
1868,  67,  798. 

®  Deville  and  Caron,  Compt,  rend.,  1858,  46,  764. 

’  See  Tate,  Quart,  J.  Chem,  Soc.,  1859,  12,  160. 

®  Vogel,  Zeitsch.  fur  Chem.,  1870,  p.  125  ;  Gustavson,  Ber.,  1871,  4,  975  ;  Meyer,  ibid., 
1889,  22,  2919. 

®  Mylius  and  Meusser,  Ber.,  1904,  37,  397. 

Pictet  and  Karl,  Bull.  Soc.  chim.,  1908,  [iv.],  3,  1114. 

D’Arcy,  Trans.  Chem.  Soc.,  1889,  55,  155  ;  cf.  Merz,  J,  prakt.  Chem.,  1866,  99,  181 ; 
Schultz- Sellack,  Ber.,  1871,  4,  15  ;  Gustavson.  ibid.,  1873,  6,  10. 

See  Georgievic,  J.  prakt.  Chem.,  1888,  [ii.],  38,  118. 


30 


ALUMINIUM  AND  ITS  CONGENEES. 


Boric  Acids. — Numerous  boric  acids  are  theoretically  capable  of  being 
produced  by  the  union  of  boron  sesqui-oxide  and  water  in  different  pro¬ 
portions,  and  the  existence  of  various  boric  acids  seems  necessary  in  order 
to  account  for  the  types  of  borates  known.  At  the  present  time,  however,  the 
existence  in  the  solid  state  of  only  two  boric  acids,  orthoboric  acid,  H3BO3 
(i.e.  B2O3.3H2O),  and  metaboric  acid,  HBOg  {Le.  B2O3.H2O),  can  be  definitely 
affirmed.  The  latter  is  formed  by  heating  the  former  to  100°-140°,^  and 
in  aqueous  solution  it  passes  into  the  former,  as  is  shown  by  molecular 
weight  determinations.  The  existence  of  pyroboric  acid,  H2B^07,  has 
been  assumed  by  various  chemists,  but  cannot  be  regarded  as  proved.^ 

Orthoboric  acid,  boric  acid,  or  boracic  acid,  H3BO3. — This  acid 
was  first  prepared  by  Homberg  in  1702  (see  p.  7).  It  may  be  readily 
prepared  in  the  laboratory  by  treating  a  solution  of  borax  (3  pts.)  in 
hot  water  (12  pts.)  with  sulphuric  acid  (1  pt.).  On  cooling,  orthoboric 
acid  crystallises  out.  It  is  recrystallised  from  hot  water,  dried,  fused  to 
expel  traces  of  sulphuric  acid,  and  again  dissolved  in  hot  water  and  re- 
crystallised. 

Orthoboric  acid  is  prepared  on  a  commercial  scale.  Originally,  all  the 
orthoboric  acid  on  the  European  markets  came  from  Italy,  and  a  large 
quantity  of  the  acid  is  still  derived  from  that  country.  It  occurs  in  the 
suffioni,  or  jets  of  steam  which  issue  from  volcanic  vents  near  Monte 
Rotondo,  Lago  Zolforeo,  Sasso,  and  Larderello,  in  Tuscany.  Many  borings 
have  also  been  made  in  order  to  produce  artificial  suffioni.  The  suffioni 
are  surrounded  by  brickwork  basins,  several  of  which  are  generaUy  built 
on  the  side  of  a  hill.  Water  from  any  convenient  source  is  run  into  the 
uppermost  basin  and  subjected  to  the  action  of  the  suffioni  within  it  for  a 
day.  It  is  then  run  into  the  next  lower  basin,  and  so  on,  until  the  water 
contains  about  2  per  cent,  of  boric  acid.  Next  it  is.  made  to  flow  in  a 
thin  stream  over  a  large  sheet  of  corrugated  lead,  2  metres  wide  and 
125  metres  long,  placed  on  a  slight  incline  and  heated  from  below  by  the 
vapours  from  suffioni  too  poor  in  boric  acid  to  be  utilised  for  the  extraction 
of  the  acid.  Water  may  be  evaporated  in  this  way  at  the  rate  of  20,000 
litres  per  day.  The  liquid  that  runs  from  the  end  of  the  lead  sheet  is 
further  concentrated  in  leaden  pans  until  the  boric  acid  commences  to 
crystallise  out,  the  gypsum  that  is  invariably  deposited  during  the  evapora¬ 
tion  being  removed  from  time  to  time.  Crude  Tuscan  boric  acid  contains 
74  to  80  per  cent,  of  boric  acid,  8  to  14  per  cent,  of  ammonium  and  magnesium 
sulphates,  4 ’5  to  7  per  cent,  of  water,  together  with  small  quantities  of  gypsum, 
clay,  sand,  sulphur,  organic  matter,  etc.® 

The  origin  of  the  boric  acid  in  the  suffioni  is  not  at  present  understood. 
It  has  been  conjectured  that  the  boric  acid  arises  from  a  reaction  between 
boron  sulphide  and  water ;  on  the  other  hand,  it  has  been  supposed  to  be 
produced  from  boron  nitride.  According  to  Nasini,  its  source  is  the  included 
tourmaline  in  the  surrounding  granite  rocks,  which  yields  boric  acid  when 


1  Holt,  Mem.  Manchester  Phil.  Sac.,  1911,  55,  No.  10  j  cf.  Merz,  J.  prakt.  Chem.,  1866, 
99,  177  ;  Ebelmeii  and  Bonqet,  Ann.  Chiin.  Phys.,  1846,  [iii.],  17,  63  ;  Schaffgotsch,  Pogg. 
Annalen,  1859,  107,  427  ;  Bloxam,  Quart.  J.  Chem.  Soc.,  1859,  12,  177. 

®  See  the  preceding  references,  and  Nasini  and  Ageno,  Zeitsch.  physikal.  Chem.,  1909, 
67,  482. 

*  Payen,  Ann.  Chim.  Phys.,  1841,  [iii.],  i,  247 ;  Wittstein,  Repert.  filr  Pharm,,  1840, 
72,  175  ;  Wohl,  Dingl.  polyt,  J.,  1866,  182,  173  ;  Erdmann,  J.  prakt.  Chem.,  1838,  13,  72. 
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heated  in  superheated  steamd  The  gases  issuing  from  the  sufRoni  are 
radio-active,  as  also  is  the  granitic  rock  from  which  they  issue.^ 

Boric  acid  is  prepared  on  a  commercial  scale  from  the  various  naturally 
occurring  borates  already  described  (p.  6).  For  this  purpose  they  are  some¬ 
times  dissolved  in  hot  hydrochloric  acid,  and  the  boric  acid,  which  crystal¬ 
lises  out  on  cooling,  recrystallised  from  water.  Numerous  other  methods 
have  been  proposed.  In  one  process,  ulexite  is  ground  to  an  impalpable 
powder,  suspended  in  boiling  water,  and  decomposed  by  passing  sulphur 
dioxide  into  the  liquid.  In  another,  boracite  is  decomposed  with  the 
equivalent  amount  of  sodium  bisulphate  (a  by-product  of  the  nitric  acid 
manufacturing  process),  the  boric  acid  crystallised  out,  and  mother-liquor 
worked  up  for  the  sodium  sulphate  it  contains.®  The  American  deposits  of 
colemanite  are  converted  mainly  into  borax.^ 

Orthoboric  acid  crystallises  from  water  in  white,  six-sided  laminse  which 
have  a  pearly  lustre  and  are  unctuous  to  the  touch.  The  crystals  are  triclinic 
(u:  6  :c  =  I-7329  :  1  : 0-9228,  a  =  92°  30', /3  =  104°  25',  y  =  89°  49').®  According 
to  Carnelley,  orthoboric  acid  melts  at  184°  to  186°.®  The  density  at  16°  is 
given  by  Stolba^  as  T434  ;  Ditte  ®  gives  the  following  values  : — 

Temp.  °C.  0°  12°  14°  60°  80° 

Density  1-5463  1-5172  1-5128  1-4165  1-3828 

The  specific  heat  is  0-3535.® 

Orthoboric  acid  is  sparingly  soluble  in  cold  water,  but  the  solubility  rapidly 
increases  with  rise  of  temperature.  The  percentages  of  orthoboric  acid  in 
its  saturated  aqueous  solutions  at  various  temperatures  are  as  follows  : — 

Temp.  °  C.  .  0°  10°  20°  30°  40°  50°  60°  70°  80°  100° 

Grams.  H3BO3  1 

in  100  grams  V  2-69  3-39  4-76  6-29  8-02  10-35  12-90  15-76  19-11  28-34 
of  solution  ) 

According  to  Herz  and  Knoch,^^  a  saturated  solution  of  orthoboric  acid  contains 
0-620  gram-molecules  of  acid  per  litre  at  13°,  0-7915  at  20°,  and  0-8999  at 
25°.  The  cryohydric  point  is  -0-76°,  at  which  temperature  the  saturated 
solution  contains  2-27  per  cent,  of  orthoboric  acid.  The  boiling-point  of  a 

1  Nasini,  Atti  B.  Accad.  Lincei,  1908,  [v.],  17,  ii.  43  ;  cf.  D’Achiardi,  ibid.,  1908,  [v.], 
17,  ii.  238,  and  the  early  papers  of  Bolley,  Annalen,  1848,  68,  122;  Wan'ington,  Clieni. 
Gazette,  1854,  7,  419 ;  Wohler  and  Deville,  Annalen,  1858,  105,  69  ;  Popp,  Annalen 
Suppl.,  1872,  8,  1  ;  Dieulafait,  Ann.  Chim.  Phys.,  1877,  [v,],  12,  318  ;  Compt.  rend.,  1885, 
100,  1017,  1240. 

^  Nasini,  Anderlini,  and  Levi,  Atti  B.  Accad.  Lincei,  1905,  [v.],  14,  ii.  70. 

®  Heidlberg,  Chem.  Zeit.,  1907,  31,  Rep.  48. 

^  For  farther  details  and  other  methods,  see  Bigot,  J.  Soc.  Chem.  Ind.,  1899,  18,  830  ; 
Chenal  Donilhet  &  Co.,  D.B.P.,  110,421  (1899);  Moore,  Eng.  Pat.,  20,384  (1899); 
Marquardt  and  Schulz,  Zeitsch.  angew.  Chem.,  1895,  8,  385  ;  and  Thorpe,  A  Dictionary  0} 
Applied  Chemistry  (Longmans  &  Co.,  1912-13),  2nd  ed. ,  vol.  i.  p.  501. 

®  Haushofer,  Zeitsch.  Kryst.  Min.,  1884,  9,  77;  cf.  Miller,  Pogg.  Annalen,  1831,  23, 
558  ;  Kenngott,  Sitzzingsber.  K.  Akad.  Wise.  Wien,  1854,  12,  26. 

®  Carnelley,  Trans.  Chem.  Soc.,  1878,  33,  275. 

’  Stolba,  J.  prakt.  Chem.,  1863,  90,  457. 

®  Ditte,  Ann.  Chem.  Phys.,  1878,  [v.],  13,  67. 

®  Ditte,  loc.  cit.,  and  Compt.  rend.,  1877,  85,  1069. 

Interpolated  from  the  results  of  Nasini  and  Ageno,  Zeitsch.  physikal.  Chem.,  1909,  69, 
482;  Qazzetta,  1911,  41,  i.  131;  cf.  Brandes  and  Firnhaber,  Arch.  Pharm.,  1824,  7,  50; 
Ditte,  Compt.  rend.,  1877,  85,  1069  ;  Ann.  Chim.  Phys.,  1878,  [v.],  13,  67. 

Herz  and  Knoch,  Zeitsch.  anorg.  Chem,,  1904,  ^i,  315. 
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saturated  solution  of  orthoboric  acid  is  103'12°.^  The  heat  of  solution  of 
orthoboric  acid  in  water  is  -  5-395  Cals.^  A  saturated  solution  of  orthoboric 
acid  has  a  density  of  1-014  at  8°,  and  1-0248  at  15°  (Stolba). 

The  solubility  of  orthoboric  acid  in  water  is  increased  by  the  presence  of 
potassium  or  rubidium  chloride,  but  diminished  by  the  presence  of  hydrogen, 
lithium,  or  sodium  chlorides.®  The  acid  is  very  slightly  soluble  in  ether, 
more  soluble  in  alcohols  and  essential  oils.^  One  hundred  grams  of  glycerol 
dissolve  the  following  amounts  of  orthoboric  acid  : —  ® 

Temp.  °  0.  .  0°  20°  40°  60°  80°  100° 

Grams  H3BO3  20  28  38  50  61  73 

The  partition-coefficient  of  boric  acid  between  water  and  ether  is  34-2  at  16° ; 
between  isobutyl  alcohol  and  water  2-74,  and  between  amyl  alcohol  and  water 
3-37  at  15°,  3-34  at  25°,  and  3*31  at  35°.o 

Orthoboric  acid  is  volatile  in  steam.  The  vapour  given  off  from  a  saturated 
boiling  aqueous  solution  of  the  acid  contains  0  039  per  cent,  of  acid.^  The 
acid  may  also  he  volatilised  from  its  alcoholic  solutions.® 

The  salts  of  boric  acid  are  called  borates.  Very  few  orthohorates  are 
known,  but  numerous  meta-  and  pyro-horates  have  been  prepared.  Further, 
salts  of  such  hypothetical  acids  as  HgBgO^g,  etc.,  are  known.  An¬ 

hydrous  borates  may  he  prepared  by  fusing  boron  sesqui-oxide  with  metallic 
oxides.  When  an  excess  of  boron  sesqui-oxide  is  present,  it  is  found  that  in 
some  cases  a  homogeneous  liquid  mass  is  obtained  which  solidifies  to  a  homo¬ 
geneous  glass ;  in  other  cases  it  separates  on  cooling  into  conjugate  liquid 
phases ;  while  in  others  it  is  not  possible  to  obtain  a  homogeneous  liquid  melt, 
the  mass  separating  into  two  non-miscible  phases  of  metallic  borate  and  boron 
sesqui-oxide  respectively.® 

The  borates,  with  the  exception  of  the*  alkali  borates,  are  practically 
insoluble  in  water.  The  most  important  borate  is  sodium  pyroborate  or 
borax.  The  important  borates  are  described  under  the  headings  of  the 
various  metals.  1® 

Although  the  metallic  orthoborates  cannot  be  obtained  by  precipitation. 


^  Nasiniand  Ageno,  loa.  cit,,  and  Atli  R.  Accad.  Lincei,  1912,  [v.],  21,  ii.  125. 

^  Thomsen,  ThermochemiscJie  Untersuchungen  (Leipzig,  1883),  vol.  iii.  p.  196 ;  cf. 
Ditte,  loc.  cit. 

®  Herz,  Zeitsch.  anorg.  Chem.,  1910,  66,  358. 

■*  Rose,  Fogg.  Annalen,  1850,  80,  262. 

®  Hooper,  Pharm.  J.,  1882,  [iii.],  13,  258;  see  also  Herz  and  Enoch,  loc.  cit. 

8  Abegg,  Fox,  and  Herz,  Zeitsch.  anorg.  Chem.,  1903,  35,  129  ;  Auerbach,  ibid.,  1904, 
34,  353  ;  B.  Muller  and  Abegg,  Zeitsch.  physikal.  Chem.,  1907,  57,  513. 

’’  Nasiniand  Ageno,  loc.  cit,\  Skirrow,  Zeitsch.  physikal.  Chem.,  1901,  30,  84, 

®  See  Firth  and  Myers,  Trans.  Chem.  Soc.,  1914,  105,  2887. 

®  Geurtler,  Zeitsch.  anorg.  Chem.,  1904,  40,  225,  268,  337  ;  cf.  Holt,  Proc.  Roy.  Soc., 
1902,  74,  285  ;  Burgess  and  Holt,  Proc.  Chem.  Soc.,  1903,  19,  221  ;  Proc.  Roy.  Soc.,  1904,  74, 
285.  For  speculations  on  the  constitution  of  borates,  see  Zulkowski,  Chem.  Zentr.,  1900, 
[v.],  7,  1041;  Ditte,  Compt.  rend.,  1873,  77,  788  ;  Le  Chatelier,  ibid.,  1891,  113,  1034. 

Numerous  borates  are  described  in  the  following  early  papers,  but  the  compositions  of 
many  of  them  are  doubtful:  Berzelius,  Pogg.  Annalen,  1824,  2,  113;  1827,  9,  433  ;  1834, 
33,  98  ;  1835,  34,  561  ;  H.  Rose,  ibid.,  1827,  9,  176  ;  1830,  19,  153  ;  1852,  86,  561  ;  1852, 
87,  1,  470,  587  ;  1863,  88,  299,  482;  1863,  89,  473  ;  1854,  91,  452  ;  Wohler,  ibid.,  1833, 
28,  625  ;  Rammelsberg,  ibid.,  1840,  49,  445  ;  Ebelmen,  Ann.  Chim.  Phys.,  1851,  [iii.],  33, 
34  ;  Laurent,  ibid.,  1838,  [ii.],  67,  216  ;  Bolley,  Annalen,  1848,  68,  122  ;  Herepath,  Phil, 
Mag.,  1849,  [iii.],  34,  376  ;  Tissier,  Compt.  rend.,  1854,  39,  192;  1857,  45,  411  ;  C.  L. 
Bloxam,  Quart.  J.  Chem.  Soc.,  1859,  12,  177  ;  1861,  14, 143  ;  Ditte,  Compt.  rend.,  1873,  77, 
783,  892  ;  Ann.  Chim.  Phys.,  1883,  [v.],  30,  248, 
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and  have  only  in  a  few  cases  been  prepared  in  other  ways,  the  tri-alkyl 
esters  of  boric  acid,  B(OE)3,  where  R  is  an  alkyl  group  CjiHgn+i,  are  readily 
prepared  by  the  interaction  of  boron  trichloride  and  alcohols,  e.g. : — 

BCI3  +  3O2H5.OH  =  B(0C2H5)3  +  3HC1. 

They  are  colourless  liquids  of  low  boiling-point  and  normal  vapour  density, 
and  are  readily  hydrolysed  by  water.^  They  combine  with  the  metallic 
derivatives  of  the  alcohols,  forming  crystalline  compounds  in  which  boron  is 
presumably  a  pentad.  The  following  are  known  : — ^ 

LiB(OMe)4  KB(OMe)4  NaB(OEt)4  TlB(OEt)4 

NaB(OMe)4  Ca[B(OMe)4]2  KB(0Et)4.  NaB(OPr“)4 

In  aqueous  solution,  orthoboric  acid  is  a  very  weak  acid.  It  turns  litmus 
a  wine-red,  turmeric  a  reddish-brown,  and  has  no  effect  on  methylorange 
(p.  44).  The  aqueous  solution  is  a  very  poor  conductor  of  electricity,  so 
that  the  acid  is  ionised  only  to  a  very  slight  extent.  The  molecular  weight 
of  the  acid  in  solution  is,  in  fact,  that  corresponding  to  the  molecular  formula 
HgBOg.®  That  there  is  only  one  molecular  species  present  to  any  appreciable 
extent  is  shown  by  the  fact  that  the  partition-coefficients  previously  given 
(p.  32)  are  independent  of  the  actual  concentration  of  boric  acid  in  the 
aqueous  phase.  In  solution,  orthoboric  acid  behaves  as  a  monobasic  acid. 
The  ionisation  of  the  acid  follows  Ostwald’s  dilution  law  for  binary  electrolytes 
(Vol.  I.  p.  224),  and  the  dissociation  must  therefore  be  represented  as 
HgBOg^^^H'-l-HgBOg'.  The  ionic  mobility  of  the  anion  at  18°  is  28.^  The 
affinity  constant  {ft)  of  orthoboric  acid  varies  with  the  temperature  as 
follows : — ® 

Temp.  °C.  15°  25°  37°  40° 

7c  X 1010  6-48  6-62  8T0  8-49 

Hence  boric  acid  is  weaker  than  either  carbonic  or  hydrosulphuric  acid. 
Owing,  however,  to  the  superior  volatility  of  these  acids,  a  concentrated, 
boiling  solution  of  boric  acid  can  decompose  certain  metallic  carbonates 
and  sulphides.® 

Both  metaboric  acid  and  pyroboric  acid  (orthoboric  acid  dehydrated  till  it 
corresponds  to  the  formula,  HgB^O^),  when  dissolved  in  water,  are  converted 
into  orthoboric  acid,  since  their  aqueous  solutions  are  identical  with  solutions 


1  Ebelmen,  Ann.  Ghim.  Fhys.,  1846,  [iii.],  16,  129;  Ebelmen  and  Bouqet,  ibid.,  1846, 
[iii.],  17,  54  ;  Bowman,  Phil.  Mag.,  1846,  [iii.],  29,  546  ;  Kose,  Pogg.  Annalen,  1856,  98, 
245  ;  Sebiff,  Annalen  Sitppl.,  1867,  5,  154  ;  Annalen,  1877,  189,  162 ;  Councler,  Per.,  1876, 
9,  485;  1877,  10,  1655;  1878,  ii,  1106;  J.  prakt.  Ghem.,  1878,  [ii.],  18,  371;  Ghira, 
Gazzetta,  1893,  23,  i.  452,  ii.  8  ;  Copaux,  Gompt.  rend.,  1898, 127,  719  ;  Wohl  and  Neuberg, 
Per.,  1899,  32,  3488  ;  Fenton  and  Miss  Gostling,  Trans.  Ghem.  Soc.,  1898,  73,  554;  Cohn, 
Pharm.  Zentr.-h.,  1911,  52,  479. 

3  Copaux,  loc.  cit.  ;  Cambi,  AttiP.  Accad.  Lincei,  1914,  [v.],  23,  1.  244. 

®  Kahlenberg  and  Schreiner,  Zeitsch.  physikal.  Ghem.,  1896,  20,  547  ;  Holt,  Mem.  Man. 
Phil.  Soe.,  1911,  55,  No.  10  ;  Nasini  and  Ageno,  loc.  cit. 

*  Abeggand  Cox,  Zeitsch.  ‘physikal.  Ghem.,  1903,  46,  1  ;  Walker  and  Cormack,  Trans. 

Ghem.  Soc.,  1900,  77,  5.  „  ,  ^  „ 

®  Lunden,  J.  Chim.  phys.,  1907,  5,  580  ;  cf.  Walker  and  Cormack,  Trans.  Ghem.  Soc., 
1900,77,  5  ;  Hantsch  and  Barth,  Per.,  1902,  35,  216;  concentration  in  gram  molecules 

^^^s^Tissier,  Gompt.  rend.,  1854,  39,  192  ;  1857,  45,  411  ;  Popp,  Annalen  Suppl.,  1872,  8,  1. 
VOL.  IV.  3 
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of  orthoboric  acid  of  the  same  boron  content.  Moreover,  aqueous  solutions  of 
alkali  meta-  and  pyro-borates  are  in  every  respect  identical  with  aqueous 
solutions  prepared  from  the  requisite  quantities  of  orthoboric  acid  and  alkali 
hydroxide.  In  conformity  with  the  view  already  outlined  that  boric  acid  in 
solution  is  a  monobasic  acid,  it  reacts  in  aqueous  solution  with  one  equivalent 
of  alkali.  This  has  been  shown  both  by  freezing-point  measurements  ^  and 
by  thermochemical  considerations.  ^  Accordingly,  the  ions  in  alkali  borate 
solutions  are  essentially  M  and  H2BO3'  or  BO2',  and  such  solutions,  by  double 
decomposition  with  metallic  salts,  precipitate  sparingly  soluble  metaborates. 
There  must,  however,  be  an  appreciable  concentration  of  hydroxyl  ions  in  an 
alkali  borate  solution,  since,  boric  acid  being  exceedingly  weak  and  the  alkali 
hydroxides  very  strong,  the  salts  produced  by  their  interaction  must  be 
perceptibly  hydrolysed  (Vol.  I.  p.  224).  At  ordinary  temperatures,  in  fact, 
a  decinormal  solution  of  borax  is  hydrolysed  to  the  extent  of  about  0‘5  per 
cent.^  Accordingly,  in  sufficiently  dilute  solutions,  precipitated  metallic 
metaborates  are  contaminated  with  co-precipitated  metallic  hydroxides  (or 
oxides)  if  the  hydroxides  are  very  sparingly  soluble  substances.'^  Alkali 
borate  solutions  also  contain  complex  polyborate  ions,  the  precise  nature  of 
which  is  not  known.® 

Boric  acid  and  its  most  important  salt,  borax,  receive  many  practical 
applications.  As  a  mild  antiseptic,  the  acid  is  largely  used  as  a  food 
preservative.  It  is  also  used  in  the  preparation  of  candle  wicks.  Boric 
acid  and  borax  are  employed  in  the  preparation  of  enamels,  pottery  glazes, 
hat  varnishes,  paint  driers,  borosilicate  glass,  certain  kinds  of  optical  glass, 
cosmetics,  tooth  powders,  soaps,  parchment  paper,  glazed  paper  and  cards, 
safe  linings,  and  fireproof  textile  fabrics ;  they  are  also  used  by  tanners 
for  dressing  leather,  by  coppersmiths  and  jewellers  as  fluxes  in  brazing  and 
soldering  operations,  by  laundresses,  etc. 

Complex  Boric  Acids. — Complex  acids  containing  boron  are  formed 
by  the  action  of  boric  acid  upon  numerous  substances.  The  best  defined 
inorganic  compounds  of  this  nature  are  the  two  borotungstic  acids, 
[6H20.B203.28W0gj.66H20  and  [5H20.B203.24W03].61H20,  prepared  by 
Copaux.® 

The  interaction  of  boric  acid  with  numerous  organic  compounds  has  been 
studied  by  Magnanini,^  who  found  that  in  aqueous  or  alcoholic  solution, 
boric  acid  interacts  with  all  hydroxycarboxylic  acids  in  which  at  least  one 
hydroxyl  group  is  present  in  the  a-position  to  a  carbonyl  group,  the  com¬ 
plex  acids  formed  (which  he  did  not  isolate)  being  stronger  than  the  organic 
acids  from  which  they  are  produced.  The  other  organic  acids  do  not  interact 


I  Noyes  and  Whitney,  Zeitsch.  pbysikal.  Ghem.,  1894,  15,  694. 

®  J.  Thomsen,  Thermochemische  Untersuchungen  (Leipzig,  1882),  vol.  i.  p.  206 ;  cf. 
Iiunden,  J.  Ghim.phys.,  1907,  5,  599. 

®  Shields,  Zeitsch.  physikal.  Ghem.,  1893,  12,  167. 

^  Abegg  and  Cox,  loc.  dt.  ;  ef.  the  interaction  of  borax  and  silver  nitrate,  p.  44. 

®  Auerbach,  Zoc.  dt.  ;  P.  Miillcr  and  Abegg,  loc.  dt. 

®  Copaux,  Gompt.  rend.,  1908,  147,  973;  Ann.  Chim.  Phys.,  1909,  [viii.],  17,  217. 
See  Vol.  VII.  of  this  series.  For  evidence  in  favour  of  the  existence  of  boro -molybdates,  boro- 
arsenates,  etc.,  see  Mauro,  Per.,  1881,  14,  1379;  Pull.  Soc.  chim.,  1880,  [ii.],  33,564; 
Rosenheim  and  Bertheim,  Zeitsch.  anorg.  Ghem.,  1903,  34,  427 ;  Schweizer,  Annalen,  1850, 
76,  267  ;  Auerbach,  Zeitsch.  anorg.  Ghem.,  1903,  37,  353.  ’ 

Magnanini,  Atti  R.  Accad.  Lined,  1890,  [iv.],  6,  i.  260,  411,  457;  Gazsetta,  1890, 
20,  428,  441,  448,  453  ;  1891,  21,  ii.  134,  215  ;  1911,  41,  ii,  425  ;  1914,  44,  i.  396 ;  Zeitsch. 
physikal,  Ghem.,  1890,  6,  68  ;  1892,  9,  230  ;  1893,  ii,  281. 
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with  boric  acid  in  solution.  A  crystalline  potassium  hydrogen  boro- 
oxalate  2K(B0)C20^.3H20,^  can  nevertheless  be  readily  prepared  by  heat¬ 
ing  potassium  metaborate  with  oxalic  acid  solution,  or  by  heating  boric  acid 
with  potassium  hydrogen  oxalate. 

The  interaction  of  boric  acid  with  alcohols  has  been  studied  by 
Magnanini,  P.  Miiller  and  Abegg,  and  others.^  It  has  been  shown  by 
Muller  and  Abegg  that  complex  acids  are  formed  (by  condensation  of  the 
alcohols  with  boric  acid)  to  an  appreciable  extent  when  boric  acid  is  dissolved 
in  various  liquid  alcohols,  but  that  the  extent  to  which  complex  acid  formation 
occurs,  steadily  diminishes  as  the  alcoholic  solvent  is  replaced  by  water. 
Complex  acid  formation  between  boric  acid  and  both  mannitol  and  glycerol, 
two  polyhydric  alcohols,  is  of  considerable  interest,  both  theoretically  and 
practically.  In  each  case  the  complex  acid  formed  is  much  stronger  than 
boric  acid ;  and  whereas  mannitol  is  optically  inactive,  mannitoboric  acid  is 
decidedly  dextro-rotatory.  The  extent  to  which  these  complex  acids  are 
formed  in  solution  increases  with  the  concentration  of  either  the  boric  acid 
or  the  polyhydric  alcohol,  and  diminishes  wdth  the  dilution ;  in  consequence 
of  which  the  molecular  conductivity  of  mannitoboric  acid  decreases  with  the 
dilution.  Magnanini  concluded  from  his  experiments  that  mannitoboric  acid 
was  produced  by  the  condensation  of  three  molecules  of  boric  acid  with  one 
of  mannitol,  but  the  subsequent  isolation  of  the  complex  acid  has  shown  that 
the  condensation  proceeds  as  expressed  by  the  equation  : — 

"h  CgHjgOgB  +  HgO. 

The  preparation  of  mannitoboric  acid  is  carried  out  by  dissolving  12  grams 
of  mannitol  and  8 ‘2  grams  of  boric  acid  in  95  cubic  centimetres  of  absolute 
alcohol,  and  setting  the  solution  aside  for  a  few  days  in  a  cold  place.  The 
first  few  crystals  formed  are  discarded  ;  those  subsequently  deposited  are 
pure  mannitoboric  acid,  CgH^gOgB,  and  melt  at  89-5°.  The  molecular  weight 
of  the  acid  in  acetone  solution  is  rather  greater  than  that  required  for  the 
preceding  formula.  The  acid  is  largely  decomposed  by  water,  but  its 
ammonium,  silver,  calcium,  and  barium  salts  are  more  stable.^ 

Perboric  Acid  and  Perborates. — Perboric  acid  is  unknown  in  the 
pure  state,  but  it  is  possible  that  ethereal  solutions  have  been  prepared.^ 
A  number  of  ^  metallic  perborates,  however,  are  known.  They  were 
discovered  by  Etard,®  and  first  prepared  in  a  pure  state  by  Melikoff  and 
Pissarjewsky.® 

The  best  known  perborates  are  derivatives  of  a  perboric  acid  of  the  com¬ 
position  HBOg.  They  are  readily  hydrolysed  in  aqueous  solution,  boric  acid, 
or  rather  its  salts,  and  hydrogen  peroxide  being  produced.  Accordingly,  the 
perboric  acid  is  considered  to  have  the  constitution  0  :  BO. OH  : — 

0  :  BO.OH  -f  2H2O  -  B(0H)3  +  HO.OH. 


^  E.  A.  Werner,  Trans.  Ghem,  Soc.,  1904,  85,  1449. 

2  P.  Miiller  and  Abegg,  Zeitsch.  physikal.  Gheni.,  1907,  57.  513  ;  Ageno  and  Valla, 
Gazzetta,  1913,  43,  ii.  163  ;  Dabr,  Zeitsch.  anorg.  Ghem.,  1914,  86,  196 ;  Boeseken  and  others, 
Rec.  trav.  chim.,  1911,  30,  392  ;  1915,  34,  96,  272 ;  Proa.  K.  Akad.  JVetensch.  Amsterdam, 
1912,  15,  216  ;  Irvine  and  Miss  Steele,  Trans.  Ghem.  Soc,,  1915,  107,  1221. 

®  Fox  and  Gauge,  Trans.  Ghem.  Soc.,  1911,  99,  1075. 

Pissarjewsky,  Zeitsch.  physikal,  Ghem.,  1903,  43,  170. 

®  ^Itard,  Gompt.  rend.,  1880,  91,  931. 

*  Melikoff  and  Pissarjewsky,  Ber.,  1898,  31,  678,  963. 
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This  constitution,  however,  has  been  disputed  on  the  ground  that  hydrated 
podium  or  potassium  perborate  does  not  give  off  hydrogen  peroxide  when 
heated  to  50°-60°  under  diminished  pressure  or  in  a  current  of  air  free  from 


/O 

carbon  dioxide  :  and  the  alternative  constitution  HO.Bcf  |  has  been  pro- 

\o 

posed  by  Bosshard  and  Zwicky.^  The  following  argument,  based  upon  the 
preparation  and  properties  of  KBO^,  is  also  given  by  the  same  chemists.  The 
compound  KBO^,  ox  potassium  hyperhor ate,  crystallises  with  IHgO  and  is  fairly 
stable.  When  dried  over  phosphoric  anhydride  in  vacuo,  4KBO4.H2O  is  pro¬ 
duced,  so  that  the  original  compound  cannot  be  formulated  as  KBOg.HgOg. 
It  is  rather  to  be  considered  as  derived  from  potassium  hyperoxide  KO.OH, 
and  perboric  acid.  Hence,  two  constitutions  are  possible,  viz.  KO.O.OB  :  0 


and  KO  :  O.B<(^  |  -,  and  it  is  considered  that  the  latter  is  much  more  probable 
\0 


than  the  former  owing  to  the  stability  of  the  salt. 

Sodium  perborate,  NaBOj.iHgO,  may  be  prepared  by  adding  to  a 
saturated  solution  of  borax  an  equivalent  quantity  of  sodium  hydroxide  and 
twice  the  amount  of  hydrogen  peroxide  theoretically  necessary  •,  after  some 
time  the  perborate  commences  to  crystallise  out : — ^ 


Na^B^O^  +  2NaOH  -f-  4H2O2  =  4NaB03  -t-  5H2O. 

In  preparing  the  salt  on  a  large  scale  the  necessary  ingredients  are  mixed 
in  small  batches,  which  are  then  united  and  slowly  cooled  with  stirring. 
Wooden  vats  and  stirrers  are  used,  and  metal  pipes,  etc.,  well  tinned  to 
minimise  decomposition  of  the  hydrogen  peroxide.  The  temperature  after 
mixing  is  25°,  and  the  concentrations  are  chosen  so  that  the  perborate  separates 
out  slowly.  Large  and  fairly  stable  crystals  are  deposited,  which  are  centri¬ 
fuged  free  from  mother  liquor  and  dried  in  a  stream  of  pure  air  at  a  tempera¬ 
ture  not  exceeding  50°  C.^ 

Sodium  perborate  is  only  formed  in  minute  quantities  at  the  anode  when 
aqueous  sodium  orthoborate,  with  or  without  excess  of  alkali,  is  electrolysed.* * 
Sodium  perborate,  •N’aB03.4H20,  crystallises  in  large,  transparent,  mono¬ 
clinic  prisms,  and  is  stable  in  air  free  from  carbon  dioxide.®  The  monohydrate 
may  be  obtained  by  careful  drying,  and  this  may  be  completely  dehydrated 
in  vacuo  over  phosphoric  anhydride.  The  solubility  of  the  salt  in  water,  in 
grams  per  litre  of  solution,  is  as  follows  ; — ^ 


Temp.°C.  .  .  .  15°  21°  26°  32° 

Grams  of  NaB03.4H20  25-6  26-9  28-5  37-8 


*  Bosshard  and  Zwicky,  Zeitscli.  angew,  Chem.,  1912,  25,  993. 

®  Melikoffand  Pissarjewsky,  loc.  cit.  ;  Tanatar,  Zeitsch.  physikal.  Chem.,  1898,  26,  132; 
1899,  29,  162  ;  Jaubert,  Compt.  rend.,  1904,  139,  796  ;  Bruhat  and  Dubois,  ibid.,  1905,  140, 
506;  Jaubert  and  Lion,  Rev.  gen.  chem.  pure  appl.,  1905,  [vii.],  8,  163;  Christensen, 
Danske  Vidensk.  Selsk.  Forhandl.,  1904,  No.  6. 

2  Euhrmann,  Chem.  Zeit.,  1911,  35,  1022. 

*  See  Tanatar,  Zeitsch.  physikal.  Wiem.,  1898,  26,  132;  Zeitsch.  anorg.  Chem  ,  1901,  26, 
343;  Constam  and  Bennett,  ibid.,  1900,  25,  265;  1901,  26,  451;  Bruhat  aud  Dubois, 
Compt.  rend.,  1905,  140,  506  ;  Pissarjewsky,  Zeitsch.  anorg.  Chem.,  1902,  32,  341 ;  Poulenc, 
Fr.  Pat.,  411,258  ;  Beltzer,  Moniteur  Scient.,  1911,  p.  10;  Polack,  Trans.  Faraday  Soc,, 
1915,  10,  177. 

®  Jaubert,  Compt.  rend.,  1904,  139,  796. 

®  Jaubert  and  Lion,  loc.  cit. 
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The  solubility  is  augmented  by  the  addition  of  boric,  tartaric,  or  citric  acid, 
glycerol,  or  ammonium  and  magnesium  sulphates  in  small  amounts  The  beat 
of  solution  in  water  is  —  11'66  Cals,  at  16° ;  in  seminormal  sulphuric  acid  it 
is  -8-95  Cals,  at  17“  C.2 

In  aqueous  solution  at  0“  C.  the  hydrolysis  of  sodium  perborate  is  very 
slight,  and  from  conductivity  measurements  it  follows  that  the  molecular 
formula  of  the  salt  is  NaBOg.®  With  rise  of  temperature,  hydrolysis  proceeds 
further,  and  at  25°  it  is  very  considerable.  The  aqueous  solution  has  an 
alkaline  reaction.  According  to  Pissarjewsky,'^  the  hydrolysis  proceeds  in 
two  stages,  (i.)  and  (ii.),  the  third  reaction  (iii.)  then  taking  place  between 
products  formed  in  (i.)  and  (ii.)  : — - 

(i.)  NaB03  +  2H20  ^NaO.OH  +  HgBOg 
(ii.)  Na0.6H  +  H,0  t^NaOH  +  HgOg 
(iii.)  SNaOH  +  HgBOg^NagBOg  +  SHgO 

When  heated  above  40",  sodium  perborate  solution  commences  to  evolve 
oxygen.  The  solution  is  an  energetic  oxidiser,  converting  ferrous  salts  to 
ferric,  chromic  salts  to  chromic  acid,  manganous  salts  to  manganese  dioxide, 
liberating  chlorine  from  hydrochloric  acid,  iodine  from  potassium  iodide,  etc.® 

Sodium  perborate  is  used  commercially  under  the  name  of  “  perborin  ”  for 
bleaching  purposes,  since  it  may  be  incorporated  into  soaps  and  washing 
powders.  “  Perborin  M  ”  contains  soap,  alkali,  and  sodium  perborate ; 
“  persil  ”  contains  soap,  alkali  carbonate  and  silicate,  and  sodium  perborate ; 
“ozonite”  is  similar  to  “persil”;  and  “clarax”  contains  borax,  sodium 
phosphate,  and  sodium  q)erborate.® 

A  sodium  perborate  of  the  composition  NaBgO^.SHgO  is  said  by  Jaubert  to 
be  obtained  when  an  intimate  mixture  of  248  grams  of  boric  acid  and  78 
grams  of  sodium  peroxide  is  slowly  added  to  2  litres  of  cold  water.  It 
cannot  be  recrystallised  from  water.'^ 

Sodium  hyperborate,  NaB04,  has  not  been  prepared  in  a  pure  state.® 

Potassium  perborate.- — The  following  salts  have  been  described :  (i.) 
KB205.2H.20,9  (ii.)2KB03.KB04.6H20  or  3KB03.H202.4H20,i»(iii.)2KB03.H20, 
and  (iv.)  2KB03.H202.^^ 

Rubidium  perborate,  RbB03.H20,  andcaesium  perborate, CSBO3.H2O, 

are  also  known. 

Ammonium  perborate,  NH4BO3.3H2O,  is  obtained  by  dissolving  boric 


1  Bruhat  and  Dubois,  loc.  cit.  ;  Jaubert  and  Lion,  loc.  cit. 

^  Tanatar,  Zeitsch.  physikal.  Chem.,  1898,  26,  132. 

^  Gonstam  and  Bennett,  Zeitsch.  anorg.  Chem.,  1900,  25,  265. 

Pissarjewsky,  Zeitsch.  physihal.  Chem.,  1903,  43,  170;  cf.  Schenck,  Vorlander,  and 
Dux,  Zeitsch.  angew.  Chem.,  1914,  27,  291. 

5  Por  further  reactions,  see  Jaubert,  Compt.  rend.,  1904,  139,  796  ;  Bruhat  and  Dubois, 
Compt.  rend.,  1905,  140,  506  ;  Christensen,  BansJce  Vidensk.  Selsk.  Forhandl.,  19'04,  No.  6. 

8  Matthews,  J.  Ind.  Eng.  Chem.,  1911,  3,  191.  For  the  patent  literature  dealing  with 
the  manufacture  of  alkali  perborates,  see  D.B.P.,  Nos.  193,559,  204,279,  237,096,  237,608  ; 
D.B.P.  Amn.,  49,641 ;  Fr.  Pat.,  Pios.  384,967,  411,258,  425,958  ;  U.S.  Pat.,  Nos.  996,773, 
999,497  ;  Eng.  Pat.,  1626(1911)  ;  cf.  Bosshard  and  Zwicky,  Zeitsch.  angew.  Chem.,  1912, 
25,  938. 

Jaubert,  Compt.  rend.,  1904,  139,  796. 

8  Melikoff  and  Pissarjewsky,  Ber.,  1898,  31,  678,  953. 

8  Bruhat  and  Dubois,  Compt.  rend.,  1905,  140,  506. 

^8  Christensen,  Danske  Vidensk.  Selsk.  Forhandl.,  1904,  No.  6, 

Von  Girzewald  and  Wolokilin,  Ber.,  1909,  42,  865. 

Christensen,  loc.  cit. 
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acid  in  2 '5  per  cent,  hydrogen  peroxide,  adding  ammonia,  and  precipitating 
with  alcohol.  When  dried  for  twenty-four  hours  over  sulphuric  acid,  the  salt 
2]SrH^B03.H20  is  obtained,  and  this  may  be  dehydrated  over  phosphoric 
anhydride,! 

The  salt  NH^.B03.NH^j.B0^.2H20  has  been  described  by  Petrenko.^ 

Barium  perborate,  Ba(B03)2.7H20,®and  uranyl  perborate,  U02B03,^ 
are  also  known. 

Boron  sesquisulphide  (boron  trisulphide),  B2S3,  is  produced  when  boron 
is  heated  to  bright  redness  in  sulphur  vapour,^  or  when  boron  is  heated  to 
redness  in  a  current  of  hydrogen  sulphide.®  It  may  also  be  prepared  by 
heating  to  redness  in  a  current  of  carbon  disulphide  vapour  an  intimate 
mixture  of  boron  sesqui-oxide  and  carbon.'^  Other  reactions  which  lead  to  the 
formation  of  the  sulphide  are  the  action  of  sulphur  upon  boron  tri-iodide  and 
the  action  of  carbon  disulphide  and  various  other  sulphides  on  boron  (Moissan). 
The  pure  sesquisulphide  is  best  prepared  by  heating  pure  boron  in  a  stream 
of  hydrogen  sulphide  largely  diluted  with  hydrogen,®  and  a  cheap  method 
for  its  preparation  consists  in  heating  commercial  iron  boride  or  manganese 
boride  to  300°-400°  in  hydrogen  sulphide  and  washing  away  admixed  sulphur 
from  the  product  with  carbon  disulphide.®  Only  part  of  the  boron  in  these 
borides  can  be  removed  as  the  sulphide. 

The  properties  of  boron  sesquisulphide  have  been  studied  mainly  by 
Moissan.!®  It  forms  fine,  white  needles,  of  density  I '55,  which  melt  at 
310°  and  volatilise  without  decomposition  when  heated  in  a  current  of 
hydrogen.  It  is  unacted  upon  at  a  red  heat  by  hydrogen,  nitrogen,  phos¬ 
phorus,  carbon,  and  silicon.  It  inflames  in  chlorine  in  the  cold,  in  bromine 
vapour  when  warmed,  and  in  oxygen  when  heated  to  dull  redness;  in  each 
case  both  the  boron  and  sulphur  are  converted  into  chloride,  bromide,  or  oxide. 
At  a  dull  red  heat,  boron  sesquisulphide  is  violently  decomposed  by  potassium, 
sodium,  magnesium,  and  aluminium,  but  iron,  zinc,  copper,  mercury,  and 
silver  are  without  action  upon  it.  It  is  decomposed  by  carbon  dioxide  above 
300°  as  follows  : — !! 

B2S3  +  3CO2  =  B2O3  -H  3CO  -H  3S. 

It  is  violently  decomposed  by  water  at  ordinary  temperatures,  boric  acid  and 
hydrogen  sulphide  being  produced  and  much  heat  evolved  : — !2 

[B2S3]  -t-  6H2O  -f  aq.  =  2H3B03aq.  -h  3(H2S)  q-  57 ’8  Cals. 

Boron  sesquisulphide  is  slightly  soluble  in  phosphorus  trichloride,  from 
which  it  crystallises  in  needles.  It  forms  the  addition-compounds  B2S3.BCI3 

!  Melikoff  and  Pissarjewsky,  1898,  31,  678,963;  Constam  and  Bennett,  Zeitsch. 
anorg.  Chem.,  1900,  25,  265  ;  Tanatar,  Zeitsch.  pTiysikal,  Chem.,  1898,  26, 132  ;  Bruhat  and 
Dubois,  Compt.  rend.,  1906,  140,  506. 

®  Petrenko,  J.  Russ.  Phys.  Chem.  Soc.,  1902,  34,  37. 

®  Melikoff  and  Pissarjewsky,  loc.  cit. 

^  Bruhat  and  Dubois,  Gompt.  rend.,  1905,  140,  606. 

®  Berzelius,  Poqg.  Annalen,  1824,  2,  145. 

®  Wohler  and  Deville,  Ann,  Chim.  Phys.,  1858,  [iii.],  52,  90. 

’  Eremy,  Ann.  Ohim.  Phys.,  1853,  [iii.],  38,  312. 

®  H.  Gautier,  Ann.  Ohim.  Phys.,  1899,  [vii.],  18,  363. 

®  J.  Hoffman,  Zeitsch.  angew.  Chem.,  1906,  19,  1362,  2133  ;  Zeitsch.  anorg.  Chem., 
1908,  59,  127. 

!®  Moissan,  Compt.  rend.,  1892,  115,  203. 

!!  Costeanu,  Compt.  rend.,  1913,  157,  934  ;  Ann.  Ohim.,  1914,  [x.],  2,  189. 

Sabatier,  Compt.  rend.,  1891,  112,  862. 
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and  B.^Sg.BBrg,!  and  according  to  Moissan,  combines  with  the  chlorides  of 
phosphorus,  arsenic,  and  antimony.  When  dissolved  in  hot  carbon  disulphide, 
saturated  with  hydrogen  sulphide,  the  solvent  evaporated  in  vacuo  and  the 
residue  recrystallised  from  either  carbon  disulphide  or  benzene,  white 
crystals  of  B2S3.H2S  or  thiometaboric  acid  are  obtained. 2  This  substance, 
which  smells  of  hydrogen  sulphide  and  is  rapidly  decomposed  by  water,  has 
a  molecular  weight  corresponding  to  the  formula  HgB^S^  in  benzene  solutions  ; 
unlike  boron  sesquisulphide,  it  is  extremely  soluble  in  both  benzene  and 
carbon  disulphide.  Heated  in  a  sealed  tube,  it  begins  to  melt  at  120°  and 
forms  a  clear,  transparent  liquid  at  140° ;  when  heated  in  air,  it  readily 
dissociates  into  boron  sesquisulphide  and  hydrogen  sulphide.  Thiometaboric 
acid  dissolves  in  liquid  ammonia;  when  excess  of  solvent  is  removed  at 
ordinary  temperatures,  yellow  crystals  of  BgSg.GNHg  separate  out.^ 

Boron  pentasulphide,  B^Sg. — IVhen  sulphur  reacts  upon  boron 
tri-iodide  without  the  intervention  of  a  solvent,  boron  sesquisulphide  is  pro¬ 
duced,  but  when  the  reaction  occurs  in  carbon  disulphide  solution,  crystals  of 
boron  pentasulphide  are  said  to  separate  from  the  liquid.®  The  substance 
dissociates  into  sesquisulphide  and  sulphur  when  heated  in  vacuo.  It  has 
not  been  obtained  with  less  than  10  to  15  per  cent,  of  admixed  iodine. 

Boron  selenide,  BgSeg,  may  be  prepared  by  heating  boron  in  selenium 
vapour  or  hydrogen  selenide.* *  It  is  also  produced  if  iron  or  manganese 
boride  be  used  instead  of  boron  itself.®  The  selenide  is  a  yellow  solid  which 
does  not  appear  to  be  volatile  at  a  red  heat.  It  is  decomposed  by  water  in 
a  similar  manner  to  the  sulphide. 


Boron  and  the  Nitrogen  Group. 


Boron  nitride,  BN. — Boron  unites  directly  with  nitrogen  at  a  red  heat 
to  form  a  nitride  (Wohler  and  Heville;  Moissan).  Boron  nitride  was  dis¬ 
covered  by  Balmain®  in  1842  by  fusing  boron  sesqui-oxide  with  potassium 
cyanide,  but  its  true  nature  was  determined  and  the  compound  pre¬ 
pared  in  a  nearly  pure  state  by  Wohler  in  1850.^  His  method  con¬ 
sisted  in  heating  an  intimate  mixture  of  anhydrous  borax  (1  pt.)  and 
ammonium  chloride  (2  pts.)  to  bright  redness  in  a  platinum  crucible,  boiling 
the  powdered  product  with  very  dilute  hydrochloric  acid  as  long  as  boric 
acid  could  be  extracted,  washing  and  drying  the  residue.  Another  method 
of  preparation  consists  in  heating  a  mixture  of  boron  sesqui-oxide  (4  pts.)  and 
carbon  (1  pt.)  to  whiteness  in  a  current  of  nitrogen.®  The  nitride  is  pro¬ 
duced  when  boron  is  heated  to  redness  in  ammonia,  and  may  be  more 
readily  prepared  by  heating  either  boron  sesqui-oxide  or  anhydrous  borax  in 
the  same  gas.®  Numerous  other  methods  have  been  proposed,  as,  for  example, 
heating  boron  sesqui-oxide  or  borax  with  potassium  ferrocyanide,  potassium 
cyanide,  mercuric  cyanide,  or  urea.*® 


1  Stock  and  Blix,  Ber.,  1901,  34,  3039  ;  1903,  36,  319. 

2  Stock  and  Poppenberg,  Ber.,  1901,  34,  399. 


®  Moissan,  Gompt.  rend.,  1892,  115,  271. 

*  Sabatier,  Qompt.  rend.,  1891,  112,  1000. 

5  J.  Hoffmann.  Ghem.  Zeit,  1911,  35.  713. 

®  Balmain,  Phil.  Mag.,  1842,  [iii.],  21,  170  ;  1843,  [m.],  22,  467  ;  1844-,  [m.],  24,  191. 
1  Wohler,  Annalen,  1850,  74.  70. 

®  Wohler  and  Deville,  Ann.  Ghim.  Phys.,  1858,  [m.J,  52,  63. 

9  See  Ehrich  and  Graetz,  D.R.P.,  282,701  (1913)_;  Podszus,  D.R.P.,  282, /48  (1913). 
Darmstadt,  Annalen^  1869,  I5lj  255;  Martins,  iMd.^  1859,  109,  80;  Rose,  Fogg. 
Annalen,  1860,  8o,  265  ;  Gustavson,  Ber.,  1870,  3,  426. 
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As  a  convenient  method  of  preparation,  Moeser  and  Eidmann  ^  recommend 
passing  ammonia  over  a  strongly  heated  and  previously  fused  mixture  of 
boron  sesqui-oxide  and  calcium  phosphate.  The  product,  when  washed  with 
dilute  hydrochloric  acid,  is  nearly  pure  boron  nitride.  To  obtain  the  nitride 
in  a  state  of  purity,  boron  tribromide  should  he  slowly  dropped  into  liquid 
ammonia,  the  excess  of  solvent  removed  by  evaporation,  and  the  solid  residue 
gradually  heated  to  750°.^  The  imide  of  boron  initially  formed  (p.  24) 
becomes  converted  into  nitride  : — 

B2(NH)3  =  2BN  +  NH3. 

The  method  given  by  Wohler  and  Deville  for  the  preparation  of  boron 
nitride  has  been  studied  by  Stabler  and  Elbert,  with  respect  to  its  utilisation 
for  the  fixation  of  atmospheric  nitrogen.  When  a  mixture  of  boron  sesqui- 
oxide  and  carbon  is  heated  in  nitrogen,  the  yield  of  boron  nitrogen  varies  with  the 
temperature  and  the  pressure  of  the  nitrogen.  At  a  pressure  of  one  atmosphere, 
the  best  yield,  26  to  28  per  cent,  of  nitride,  is  obtained  at  1600°  to  1700°; 
but  at  a  pressure  of  70  kilos  per  square  centimetre,  a  yield  of  more  than 
85  per  cent,  is  obtained  at  1600°.  When,  however,  boron  sesqui-oxide  is  re¬ 
placed  by  borocalcite,  CaB^Oy,  a  nearly  theoretical  yield  of  boron  nitride, 
according  to  the  equation 

CaB^O^  -f  80  +  3N2^ 4BN  -f  CaCNg  -f  700, 

is  obtained,  even  at  one  atmosphere  pressure,  by  heating  first  to  1850°  and 
subsequently  lowering  the  temperature  to  1400° ;  increasing  the  pressure  of 
the  nitrogen  has  practically  no  effect  on  the  yield.® 

Boron  nitride  is  a  light,  white,  amorphous  solid,  soft,  like  talc,  to  the  touch. 
It  can  be  compressed,  wet  or  dry,  into  blocks  of  considerable  rigidity.  It 
is  infusible  at  the  melting-point  of  tungsten,  but  above  1600°  it  commences 
to  dissociate  in  vacuo  into  boron  and  nitrogen.^  At  1220°,  however,  the 
dissociation  pressure  does  not  exceed  9*  *4  mm.®  At  high  temperatures  it 
is  the  best  insulator  known.®  Heated  in  a  flame  it  exhibits  a  greenish-white 
fluorescence. 

Boron  nitride  is  a  very  stable  compound.  It  is  very  slowly  decomposed 
by  boiling  water,  aqueous  potash,  hydrochloric  and  nitric  acids,  but 
decomposes  more  readily  when  heated  in  steam  or  at  200°  in  a  sealed  tube 
with  water,  hydrochloric  or  sulphuric  acid  : — 

BN  +  3H2O  =  H3BO3 -H  NH3. 

Heated  with  fused  potassium  hydroxide,  ammonia  and  potassium  borate 
are  produced ;  with  fused  potassium  carbonate  the  products  are  potassium 
cyanate,  cyanide,  and  borate.  It  is  little  affected  by  heating  with  oxygen, 
iodine,  hydrogen,  carbon  dioxide,  or  carbon  disulphide.  In  an  alcohol  flame 
fed  with  oxygen  it  burns  to  boron  sesqui-oxide,  and  at  high  temperatures  it 
is  decomposed  by  chlorine.  It  is  slowly  dissolved  by  hydrofluoric  acid, 
ammonium  borofluoride  being  produced.  The  oxides  of  copper,  cadmium. 


1  Moeser  and  Eidmann,  Ber.,  1902,  35,  635. 

®  Stock  and  Blix,  Ber.,  1901,  34,  3039  ;  Stock  and  Holle,  ihid.,  1908,  41,  2095. 
®  Stabler  and  Elbert,  Ber.,  1913,  46,  2060. 

*  Qec  Eng.  Pat.,  25,978  (1906). 

^  Slade  and  Higson,  Rep.  Brit.  Assoc.,  1913,  p.  451, 

®  Weintraub,  J.  hid.  Eng.  Chem.,  1913,  5,  106. 
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mercury,  arsenic,  antimony,  and  bismuth  are  reduced  when  heated  with 
boron  nitride,  the  products  being  metal,  metallic  borate,  and  nitrous  oxide ; 
sulphates  are  reduced  to  sulphides ;  but  the  oxides  of  zinc  and  iron  are  not 
reduced.^ 

Boron  nitride  prepared  by  heating  boron  imide  at  125°  to  130°  for  a  long 
time  is,  according  to  Stock  and  Blix,  much  more  reactive  than  the  nitride 
prepared  at  high  temperatures,  and  they  suggest  that  the  latter  is  a 
polymer  of  the  former. 

Boron  amide,  B(NH2)3.- — The  preparation  of  this  compound  has  been 
already  described  (p.  23).  It  has  not  yet  been  prepared  in  a  state  of  purity ; 
the  accompanying  ammonium  salt  can  be  removed  partly,  but  not  entirely, 
by  washing  with  liquid  ammonia. 

Boron  imide,  B2(lSrH)3,  is  best  prepared  by  heating  the  compound 
B2S3.6NH3  at  115°  to  120°  in  a  rapid  stream  of  ammonia  for  some  days  : — ^ 

B2S3.6NH3  =  B2(NH)3  +  3NH4.SH. 

Other  methods  of  formation  have  been  already  mentioned  (pp.  23,  24). 

Boron  imide  is  a  light,  white  powder,  insoluble  in  alcohol,  ether,  carbon 
disulphide,  and  liquid  ammonia.  It  begins  to  decompose  at  125°  to  130°  with 
the  evolution  of  ammonia,  and  at  a  slightly  higher  temperature  is  completely 
resolved  into  boron  nitride  and  ammonia.  When  boiled  with  water,  boron 
imide  is  decomposed  into  ammonia  and  boric  acid. 

Boron  imide  is  a  feebly  basic  compound,  and  when  added  to  liquid  hydrogen 
chloride  it  forms  a  white  hydrochloride,  B2(NH)3.3HC1,  insoluble  in  organic 
media,  and  decomposed  by  heat  or  water. 

Boron  phosphide,  BP,  is  prepared  by  heating  boron  phospho-iodide  to 
450°-500°  in  a  current  of  hydrogen.  The  iodine  can  also  be  removed  from 
the  phospho-iodide  by  heating  with  mercury  or  silver.®  Another  method 
of  preparation  consists  in  heating  the  compound  BBr3.PH3  to  300°,  when 
hydrogen  bromide  is  eliminated.^ 

Boron  phosphide  is  a  light,  amorphous,  maroon-coloured  powder,  insoluble 
in  the  usual  inorganic  and  organic  solvents.  It  burns  in  chlorine  in  the  cold 
and  in  bromine  when  warmed ;  at  200°  it  burns  brilliantly  in  oxygen,  and  it 
also  reacts  with  heated  sulphur.  It  is  not  affected  by  iodine,  nitrogen, 
phosphorus,  or  arsenic  even  at  a  red  heat.  It  is  attacked  by  numerous 
metals  at  a  red  heat,  and  is  easily  oxidised  by  concentrated  nitric  acid  or  fused 
alkali  nitrates. 

When  heated  in  hydrogen  at  1000°,  a  brown  boron  Subphosphide, 
BsPs,  is  produced  which  is  much  less  reactive  than  the  phosphide. 

Boron  phospho-iodides. — The  compound  BPIg  is  prepared  by  acting 
upon  boron  tri-iodide  with  phosphorus  in  carbon  disulphide  solution,  and,  in 
a  carbon  dioxide  atmosphere,  washing  away  the  iodide  of  phosphorus 
simultaneously  produced  with  a  further  quantity  of  carbon  disulphide.®  It 
is  a  dark  red  solid  which  melts  in  vacuo  at  190°  to  200°  and  sublimes  at  higher 
temperatures.  Chlorine,  oxygen,  and  many  metals  attack  it  vigorously,  and 
water  immediately  decomposes  it,  among  the  products  being  hydriodic, 


1  Wohler  and  Deville,  loc.  cit.  ;  Darmstadt,  loc.  cit. ;  Moeser  and  Eidmann,  loc.  cit. 
Stock  and  Blix,  Ber.,  1901,  34,  8039. *  *■ 

®  Moissan,  Compt.  rend.,  1891,  113,  726,  787. 

*  Besson,  ihid.,  1891,  113,  78,  772. 

®  Moissan,  Compt.  rend.,  1891,  113,  624. 
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phosphorous,  and  boric  acids.  When  heated  to  160°  in  hydrogen  it  is  reduced 
to  the  compound  BPI,  which  sublimes  in  vacuo,  forming  orange-yellow 
crystals,  and  closely  resembles  the  other  phospho-iodide  in  properties. 

Boron  and  the  Carbon  Group. 

Boron  carbide,  BgC. — This  compound  was  isolated  in  small  quantities 
by  Joly  in  1883  ^  from  among  the  products  of  the  interaction,  in  a  carbon 
crucible,  of  boron  sesqui-oxide  and  aluminium.  Later  it  was  prepared  in 
quantity  by  Moissan,^  by  heating  to  3000°  in  the  electric  furnace  a  mixture  of 
sugar  carbon  and  amorphous  boron  contained  in  a  carbon  crucible.  A  cheaper 
method  of  preparation  consists  in  employing  boron  sesqui-oxide  and  petroleum 
coke  as  starting  materials,  the  former  being  fed  through  a  hollow  graphite 
electrode  on  to  a  layer  of  the  latter  contained  in  a  graphite  crucible  which 
forms  the  other  electrode.^  The  product  is  purified  from  graphite  by  many 
treatments  with  boiling  nitric  acid  and  potassium,  chlorate,  followed  by 
treatment  with  boiling  sulphuric  acid. 

Boron  carbide  forms  brilliant  black  crystals,  of  density  2 ‘51,  and  melts 
at  2350°.^  The  carbide  conducts  electricity.  It  is  extremely  hard  (harder 
than  silicon  carbide)  and  can  be  used  in  diamond  polishing.  It  is  not 
affected  by  mineral  acids  at  the  boiling  temperature,  sulphur  at  500°, 
nitrogen,  phosphorus,  bromine,  or  iodine  at  a_  bright  red  heat.  It  is  slowly 
attacked  by  oxygen  at  1000°,  and  by  chlorine  at  a  somewhat  lower  temperature. 
When  fused  with  potassium  hydroxide  it  is  decomposed  with  the  evolution  of 
carbon  monoxide. 

The  so-called  carbide®  BC  is  a  mixture  of  the  preceding  carbide  and 
graphite  (Tucker  and  Bliss). 

Boron  thiocyanate,  B(C]S'S)3,  is  produced  by  shaking  silver  thiocyanate 
with  a  solution  of  boron  trihromide  in  benzene,  and  separates  from  benzene 
in  short,  glistening,  rhombic  crystals.  From  ether  it  crystallises  in  thin 
plates.  The  thiocyanate  is  rapidly  hydrolysed  by  water,  and  its  action  upon 
aniline  indicates  that  it  possesses  the  structure  of  a  thiocyanate  rather  than 
that  of  a  thiocarbimide.® 

Boron  Alkyls,  B(C„H2„+i)3. — Although  at  present  a  hydride  of  the 
molecular  formula  BH3  is  unknown,  the  boron  trialkyls  have  been  known  for 
many  years.  They  are  prepared  by  the  action  of  zinc  alkyls  on  trialkyl 
esters  of  orthoboric  acid.'^  Boron  trimethyl,  B(CH3)3,  is  a  gas  at  ordinary 
temperatures  boron  triethyl,  B(C2H5)3,  is  a  volatile  liquid.  Both  are 
readily  combustible,  burning  with  a  green  flame,  and  they  combine  readily 
with  ammonia.  The  vapour  densities  correspond  with  the  above  formulae. 

Boron  Silicides,  B^Si  and  BgSi. — These  compounds  are  produced  when 
a  mixture  of  crystalline  silicon  (5  pts.)  and  amorphous  boron  (1  pt.),  packed 
in  a  refractory  earthenware  tube,  is  heated  for  40  to  60  seconds  by  means 
of  an  electric  current  of  600  amperes  at  45  volts.  The  outer  portions  of  the 


^  Joly,  Compt.  rend.,  1883,  97,  456. 

^  Moissan,  ibid.,  1894,  118,  556. 

®  Tucker  and  Bliss,  J.  Amer.  Chem.  Soc.,  1906,  28,  605  ;  Tucker,  D.B.P,,  206,177  ; 
cf,  Tiede  and  Rirnbrauer,  Zeitsch.  anorg.  Chem.,  1914,  87,  129. 

^  Pring  and  Fielding,  Trans.  Chem,  Soc.,  f909,  95,  1497. 

®  Miililhauser,  Zeitsch.  anorg.  Chem.,  1893,  5,  92. 

®  Cocksedge;  Trans.  Chem.  Soc.,  1908,93,  2177. 

’  Frankland  and  Duppa,  PhU.  Trans.,  1862,  152,  167  ;  Proc.  Roy.  Soc.,  1376,  25,  165. 


BORON. 


43 


product  and  those  portions  ■which  were  in  proximity  to  the  carbon  electrodes 
are  discarded,  and  the  remainder  treated  with  a  cold  mixture  of  nitric 
and  hydrofluoric  acids  to  eliminate  free  silicon.  The  residue  is  purified 
by^  heating  for  half  an  hour  with  commercial  potassium  hydroxide,  which 
is  just  melted  but  not  dehydrated.  After  washing  with  water,  dilute  nitric 
acid,  and  boiling  water,  and  drying  at  130°,  a  mixture  of  the  two  silicides  is 
obtained. 

The  silicide  BgSi  is  left  when  the  mixture  is  heated  with  an  excess  of 
boiling  nitric  acid,  the  other  compound  being  completely  decomposed.  It 
forms  black,  rhombic  plates  which  are  transparent  and  yellow  or  brown 
in  very  thin  layers.  The  density  is  2 ’52.  It  easily  scratches  quartz 
and  ruby,  but  is  softer  than  boron  carbide.  Fluorine,  chlorine,  and 
bromine  attack  it  in  increasing  order  of  difficulty,  and  it  is  only  superficially 
oxidised  by  air  or  oxygen  at  a  red  heat.  It  is  rapidly  oxidised  by  fused 
anhydrous  potassium  hydroxide,  less  rapidly  by  fused  alkali  carbonates, 
and  not  at  all  by  fused  alkali  nitrates.  Boiling  concentrated  sulphuric 
acid  slowly  oxidises  it. 

The  silicide  BgSi  is  isolated  from  a  mixture  of  the  silicides,  in  which  it  is 
more  abundant  than  the  other,  by  heating  with  fused  anhydrous  potassium 
hydroxide.  It  forms  thick,  opaque  crystals  of  density  2‘47.  In  chemical 
properties  it  resembles  the  other  silicide,  except  in  its  behaviour  towards  fused 
potassium  hydroxide  and  boiling  nitric  acid.^ 

Detection  anu  Estimation  of  Boron. ^ 

Boric  acid,  or  a  borate  moistened  with  concentrated  sulphuric  acid,  imparts 
a  green  colour  to  the  flame.  The  material  to  be  tested  should  be  introduced 
2  centimetres  above  the  top  of  the  Bunsen  burner,  and  should  not  be 
brought  closer  than  2  millimetres  to  the  visible  edge  of  the  flame,  in  order 
that  other  substances  may  be  prevented  from  tinging  the  flame  green.  The 
coloration  is  best  seen  tangentially  to  the  flame,  and  a  hydrogen  flame  is 
preferable  to  the  ordinary  gas  flame.®  The  flame  of  a  burning  alcoholic 
solution  of  an  alkyl  borate  is  also  coloured  green  (C.  Geoffrey,  1732).  To 
utilise  this  fact  in  qualitative  analysis,  the  material  under  examination  is 
mixed  with  concentrated  sulphuric  acid  and  alcohol  (preferably  methyl 
alcohol),  the  alcohol  ignited,  and  the  mixture  stirred.^  This  test  is  not 
reliable  in  the  presence  of  chlorides,  phosphates,  molybdates,  barium,  copper, 
thallium,  and  tellurium,  and  moreover,  it  fails  to  detect  boron  in  many 
minerals.  Glycerol  may  be  used  instead  of  alcohol ;  in  this  case  the  sub¬ 
stance  is  heated  with  a  little  sulphuric  acid  until  excess  of  the  latter  has 
been  driven  off,  the  residue  moistened  with  glycerol  and  a  light  applied.® 
A  more  delicate  and  very  characteristic  test  consists  in  heating  the  substance 
with  calcium  fluoride  and  concentrated  sulphuric  acid  and  leading  the  evolved 
gases  into  the  Bunsen  flame.  A  mere  trace  of  boron  trifluoride  will  tinge 

1  Moissan  and  Stock,  Com'pt.  rend.,  1900,  131,  139;  Ann.  Chim.  Phys.,  1900,  [vii.], 
20,  433. 

®  A  very  full  account  of  the  analytical  chemistry  of  boron,  and  copious  references  to  the 
literature,  will  be  found  in  Mellor,  A  Treatise  on  Quantitative  Inorganic  Analysis 
(Griffin  &  Co.,  1913). 

3  Dieulafait,  Ann.  Chim.  Phys.,  1877,  [v.],  12,  318.  See  also  Borntriiger,  Zeitsch.  anal. 
Chem.,  1900,  39,  92. 

^  Dieulafait,  loc.  cit. -,  Gilni,  Per.,  1878,  ii,  712;  Lenher  and  Wells,  wi/ra. 

®  lies,  Chem.  News,  1877,  35,  204. 
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the  flame  a  vivid  greend  The  green  flame  of  boric  acid,  an  alkyl  borate, 
or  boron  fluoride  gives  a  beautiful  band  spectrum  in  which  three  prominent 

bands  are  easily  recognised,  the  maxima  being 
situated  at  X  5480,  X  5190,  and  X  4930  (fig.  3).^ 

Silver  nitrate  gives  a  white  precipitate  of  silver 
metaborate  with  a  concentrated  solution  of  borax, 
and  a  brown  precipitate  of  silver  oxide  with  a 
dilute  solution. 

The  colour  of  turmeric  paper,  when  dipped  into 
a  solution  of  boric  acid  (or  of  a  borate  acidified 
with  hydrochloric  acid)  and  then  dried  at  100°,  is 

<109P^-'S~\ -  changed  to  a  characteristic  reddish  brown  (H.  Rose), 

or,  with  mere  traces  of  boric  acid,  pink.  In  using 
this  delicate  test  for  boric  acid  it  must  be  re¬ 
membered  that  zirconic,  tantalic,  columbic,  and 
molybdic  acids  produce  a  similar  coloration.  The 
test  is  rendered  more  delicate  by  the  presence  of 
oxalic  acid ;  ®  the  reddish-brown  colour  changes  to 
.  a  greenish-  or  bluish-black  when  sodium  hydroxide 
Ig  is  added.'^  Boric  acid  turns  tincture  of  mimosa 
■*1  flowers  yellow,  and  this  is  in  turn  changed  to  a 
•S  brick-red  colour  when  sodium  carbonate  is  added.® 
w  Boric  acid  is.  neutral  to  litmus  and  methyl 
'S  orange,  and  hence  the  metal  present  in  an  alkali 
S  borate  may  be  titrated  with  acid  as  if  it  were 
p  present  as  alkali  hydroxide.® 

Boric  acid  may  be  easily  and  accurately  titrated 
as  a  monobasic  acid,  thus  : — 

H3BO3  +  NaOH  =  NaBOa  -1-  SHgO, 

in  the  presence  of  excess  of  glycerol  (30  per  cent, 
by  volume)  or  manitol  (OT  gram  per  cubic  centi- , 
metre  of  solution).  The  latter  is  the  more  con¬ 
venient  to  use ;  owing  to  the  slight  acidity  of 
commercial  glycerol,  it  is  necessary  to  carry  out  a 
blank  experiment  when  that  substance  is  employed. 

^  Arfvedson’s  test.  See  Ross,  Chem.  News,  1883,  47,  186  ; 
Kammerer,  Zeitsch,  anal,  Chem.,  1873,  12,  375;  Chapman, 
Che7n.  News,  1877,  35,  86  ;  C.  le  Neve  Foster,  ibid.,  1877,  35, 
127  ;  Spindler,  Chem.  Zeit.,  1905,  29,  566,  682  ;  Castellana, 
Atti  R.  Accad.  Lincei,  1905,  [v.],  14,  i.  465  ;  Qazzetta,  1906, 
36,  i.  232;  Lenher  and  Wells,  J.  Amer,  Chem,  Soc.,  1899, 
21,  417. 

®  See  p.  12  for  references. 

®  Cassal  and  Gerraus,  Chem.  News,  1903,  87,  27. 

For  the  turmeric  paper  test,  see  Kulisch,  Zeitsch.  angew. 
Chem.,  1894,  7, 147  ;  Lenher  and  Wells,  loc.  cit.  ;  W.  H.  Low, 
vide  infra ;  Bertrand  and  Agulhon,  vide  infra ;  Jay,  vide 
infra  ;  Price  and  Ingersoll,  Bull.  U.S,  Dept.  Agric.  {Chem,), 

1912,  137,  115  ;  Halphen,  Ann.  Falsif.,  1915,  8,  1. 

®  Robin,  Compt.  rend.,  1904,  138,  1046 ;  Bull.  Soc.  chim., 

1913,  [v.],  13,  602. 

8  Gay  Lussac,  Ann.  Chim.  Phys.,  1830,  40,  398;  Joly,  Compt.  rend.,  1885,  lOO,  103; 
Rimbach,  R«r,,  1893,  26,  164. 
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Alkali  hydroxide  free  from  carbonate  should  be  used  for  the  titration,  and 
phenolphthalein  must  be  used  as  indicator.  Trior  to  the  addition  of  the 
glycerol  or  mannitol,  the  solution,  which  should  be  slightly  acid,  is  made 
accurately  neutral  to  methyl  orange  or  paranitrophenol  and  freed  from  carbon 
dioxide  by  boiling  for  a  few  minutes,  a  reflux  condenser  being  employed  to 
prevent  loss  of  boric  acid,  (or  better,  the  solution  being  boiled  under  diminished 
pressure).!  Mannitol  or  glycerol  is  then  added  and  the  titration  of  the  boric 
acid  carried  out.  Mineral  borates  soluble  in  hydrochloric  acid  may  be  readily 
analysed  by  the  method  here  outlined.^  Boric  acid  may  be  titrated  with 
alkali  hydroxide  without  adding  either  glycerol  or  mannitol,  if  tropaeolin.O 
(i.e.  sodium  para-benzene-azo-resorcinol-sulphonate)  is  used  as  indicator.® 

Boron  is  determined  in  minerals  {e.g.  tourmaline)  by  fusing  with  an  excess 
of  fusion  mixture,  acidifying  with  hydrochloric  acid,  and  titrating  the  boric 
acid  produced  by  the  procedure  already  outlined.  It  is,  however,  first 
necessary  to  separate  the  boric  acid  from  the  other  substances  present. 
This  is  effected  most  conveniently  by  adding  a  large  excess  of  anhydrous 
calcium  chloride,  a  little  pure  methyl  alcohol,  and  heating  to  boiling  while 
a  stream  of  methyl  alcohol  vapour  is  blown  through  the  liquid.  The  boron 
is  volatilised  as  trimethyl  borate,  and,  together  with  an  excess  of  alcohol, 
is  condensed  in  a  suitable  receiver.  A  decided  excess  of  sodium  hydroxide 
is  then  added  to  the  distillate  and  the  alcohol  distilled  from  the  liquid,  when 
an  aqueous  solution  of  sodium  borate  remains.^ 

!  An  alternative  procedure  consists  in  eliminating  carbon  dioxide  from  the  slightly  acid 
(hydrochloric)  solution,  adding  a  slight  excess  of  potassium  iodide-iodate  mixture,  and 
bleaching  the  liberated  iodine  with  sodium  thiosulphate.  In  this  case  metals  which  are 
precipitated  as  hydroxides  by  the  iodide-iodate  mixture  must  be  absent. 

®  E.  T.  Thomson,  Soc.  Ghem.  Ind.,  1893,  12,  432;  Schaak,  Hid.,  1904,  23,  699  ; 
Honig  and  Spitz,  Zeitsch.  angew.  Ghem,,  1896,  9,  549  ;  L.  C.  Jones,  Amer.  J.  Sci.,  1899, 
7;  147  ;  8,  127  ;  Copaux,  Gompt.  rend,,  1898,  127,  756  ;  Stock,  ihid,,  1900,  130,  616  ; 
Copaux  and  Boiteau,  Bull.  Soc.  chim.,  1909,  [iv.],  5,  217 ;  Sargent,  J.  Amer.  Ghem.  Soc., 
1899,  21,  858  ;  W.  H.  how^ibid.,  1906,  28,  807  ;  Wherry  and  Chapin,  ibid.,  1908,  30,  1687; 
Lindgren,  ibid.,  1915,  37,  1137  ;  Mandelbaum,  Zeitsch.  anorg.  Ghem.,  1909,  62,  364  ;  H.  Biltz 
and  Marcus,  ibid.,  1912,  77,  131 ;  Binet  du  Jassonneix,  Ann.  Chim.  Phys.,  1909,  [viii.],  17, 
145.  There  is  an  extensive  literature  dealing  with  the  estimation  of  boric  acid  in  foods : 
see,  e.g.,  R.  T.  Thomson,  Analyst,  1896,  21,  64  ;  Cribb  and  Arnaud,  ibid.,  1906,  31,  147 ; 
Shrewsbury,  ibid.,  1907,  32,  5  ;  Richardson  and  Walton,  ibid.,  1913,  38,  140  ;  Manning  and 
Lang,  J.  Soc.  Ghem.  Ind.,  1907,  26,  803;  Allen  and  Tankard,  Pharm.  J.,  1904,  [iv.],  19, 
242 ;  W.  H.  Low,  loc.  cit.  For  the  detection  of  traces  of  borax  in  organic  matter,  see 
Bertrand  and  Agulhon,  Bull.  Soc.  chim.,  1910,  [iv.],  7,  90,125  ;  Gompt.  rend.,  1913,  157, 
1433  ;  Jay  and  Dupasquier,  ibid.,  1895,  121,  260  ;  Jay,  ibid.,  1914,  158,  357  ;  Filippi, 
Ann.  chim.  applicata,  1914,  i,  564. 

®  Prideaux,  Zeitsch.  anorg.  Ghem.,  1913,  83,  362. 

!  Wherry  and  Chapin,  loc.  cit.  ;  Stock,  loe.  cit.  ;  Copaux  and  Boiteau,  loc.  cit.  ;  Sargent, 
loc.  cit. ;  W.  H.  Low,  loc.  cit. ;  Mandelbaum,  loc.  cit. ;  Binet  du  Jassonneix,  loc.  cit.  The 
separation  of  boron  as  trimethyl  borate  was  first  developed  into  a  quantitative  method  by 
Gooch  {Amer.  Ghem.  J.,  1887,  9,  23)  and  Rosenbladt  {Zeitsch.  anal.  Ghem.,  1887,  26,  21). 
Tlie  gravimetric  estimation  of  boron  is  difficult  and  tedious,  and  offers  no  advantages  over 
the  volumetric  estimation.  The  only  reliable  method  is  to  hydrolyse  the  methyl  borate, 
separated  by  the  distillation  process,  with  a  known  excess  of  pure  lime,  carefully  evaporate, 
ignite,  and  determine  the  increase  in  weight  of  the  lime,  which  is  due  to  boron  sesqui-oxide. 
This  is  Gooch’s  method ;  the  lime  may  be  replaced  by  sodium  tungstate  according  to  Gooch 
and  L.  C.  Jones  {Amer.  J.  Sci.,  1899,  [iv.],  7,  34).  The  distillation  of  the  methyl 
borate  must  be  so  effected  as  to  prevent  the  formation  of  dimethyl  sulphate  or  methyl 
chloride.  For  details,  see  Gooch,  loc.  cit.]  Gooch  and  L.  C.  Jones,  loo.  cit.]  Moissan, 
Gompt.  rend.,  1893,  116,  1087  ;  Penfield,  Amer.  J.  Sci.,  1887,  34>  222;  Arndt,  Ghtm. 
Zeit.,  1909,  33,  725.  For  the  estimation  of  boron  as  boron  phosphate,  see  Mylius  and 
Meusser,  Ber.,  1904,  37,  397;  as  potassium  borofluoride  (the  old  method  of  estimation), 
see  Stromeyer,  Annalen,  1856,  lOO,  82;  Thaddeeff,  Zeitsch.  anal.  Ghem.,  1897,  36,  668  ; 
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Perborates,  when  shaken  with  potassium  dichromate  solution  and  ether, 
give  rise  to  the  blue  colour  of  perchromic  acid4  They  may  be  analysed  for 
available  oxygen  by  titration  with  potassium  permanganate  in  acid  solution 
and  by  other  methods.^ 


Addendum. 

Boroethane,  — The  action  of  chlorine  and  bromine  on  this  hydride 

of  boron  has  been  studied  by  Stock,  Kuss,  and  Priess  {Ber.,  1914,  47,  3115). 
Chlorine  causes  explosions  at  ordinary  temperatures,  but  bromine  reacts 
slowly,  even  in  the  light ;  at  100°,  however,  the  change  is  complete  in  a  few 
hours.  One  half  of  the  halogen  used  up  is  recovered  as  halogen  hydride,  i.e. 
the  reaction  is  one  of  substitution,  and  boroethane  behaves  as  a  saturated 
compound.  The  maximum  valency  of  boron  towards  hydrogen  is  accord¬ 
ingly  four. 

Excess  of  halogen  leads  to  the  production  of  the  unimolecular  halides, 
BXg,  and  not  to  BgXg.  In  order  to  trace  the  mechanism  of  these  changes, 
the  action  of  the  halogens  on  excess  of  the  boron  Hydride  was  studied  and 
the  following  conclusions  reached.  The  initial  products  are  such  products  as 
BgH^Xg  and  BgHgXg,  which  speedily  decompose,  without  the  elimination  of 
halogen  hydride,  yielding  BgHgX  and  BgHg  on  the  one  hand,  and  BXg  on  the 
other.  Thus,  of  the  various  halogenated  derivatives  theoretically  possible,  a 
mixture  of  the  extremes  is  produced.  No  evidence  of  the  existence  of 
BHXg,  BHgX,  BgHXg,  and  BgHgX^  could  be  obtained. 

The  monochloride,  BgHgCl,  is  a  spontaneously  inflammable  gas.  The 
monobromide,  BgHgBr,  is  a  colourless  gas  with  an  irritating  odour.  It  melts 
at  104°  and  boils  at  c.  10°  0.  The  vapour  pressure  is  as  follows  : — 

Temp.  °  C.  -  80°  -  70°  -  60°  -  50°  -  40°  -  30°  -  20°  -  10°  -  5° 

Vap.  press,  in  mms.  3  9  16  30  53  95  162  265  335 

It  burns  with  a  pale  green  flame  and  fumes  in  the  air  owing  to  its  reaction 
with  water : — 

BgHgBr  -H  3H2O  =  B2O3  +  HBr  +  bHg. 

It  immediately  reacts  with  potassium  hydroxide  to  form  the  hypoborate 
KOBHg.  It  does  not  react  with  sodium,  however,  to  any  extent,  so  that  the 
hydride  B^H^g  cannot  be  thus  produced. 

as  boric  acid,  by  extraction  with  ether,  see  Partheil  and 'Rose,  Arch.  Pharm.,  1904,  242, 
477.  For  a  bibliography  and  a  critical  examination  of  various  processes  that  have  been 
recommended  from  time  to  time,  see  Sargent,  loc.  cit. ;  cf.  Reischle,  Zeitsch.  anorq.  Chem 
1893,  4,  111. 

1  Leuz  and  Richter,  Zeitsch.  anal.  Ghem.,  1911,  50,  537  ;  Riesenfeld  and  Man,  Per., 
1911,  44,  3589  ;  Bosshard  and  Zwicky,  Zeitsch.  angew.  Chem.,  1912,  25,  938,  993. 

2  For  which,  see  Farrar,  J.  Soc.  Dyers,  1910,  26,  81  ;  Rupp  and  Mielck,  Arch.  Pharm., 
1907,  24s,  5 ;  Lenzand  Richter,  loc.  cit.-,  Litterscheid  and  Guggiari,  Chem.  Zeit,,  1913  av’ 
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ALUMINIUM. 


Symbol,  Al.  Atomic  weight,  27'1  (0  =  16). 


Occurrence. — Aluminium  is  the  most  abundant  and  the  most  widely  dis¬ 
tributed  of  all  the  metals  (Vol.  I.  Chap.  L),  but  it  is  never  found  in  the  free 
state.  Among  the  more  simple  minerals  in  which  aluminium  occurs  are  the 
following  : — 


Corundum . 
Diaspore  . 


AI2O3  Gahnite  .  ZnAl204 

AlgOg.HjO  Cryolite  .  NagAlFg 

AlgOg.SHgO  Websteritc  Al2Og.SOg.9H2O 
BeAlgO^  Alunogen  .  Al2(S0Jg.l8H,0 

MgAlgO^  Alunite  .  Al2(S0j3.4Al(()H)g.K2S04 


Hydrargillite 


Chrysoberyl 

Spinel 


Bauxite  is  a  hydrated  oxide  of  aluminium  containing  more  or  less  ferric 
oxide  ;  turquoise,  a  hydrated  aluminium  phosphate. 

Aluminium  is  an  essential  constituent  of  innumerable  silicates,  which  form 
the  basis  of  most  rochs  and  clays.  Of  the  silicates,  orthoclase,  KAlSigOg,  is 
the  most  important,  as  it  forms  the  chief  constituent  of  granite,  syenite, 
gneiss,  etc.  By  the  weathering  of  orthoclase,  the  mineral  kaolin, 
Al2Si205.:2H20,  is  produced.  Other  important  silicates,  such  as  the  garnets, 
micas,  topaz,  tourmaline,  etc.,  are  mentioned  later  (p.  92). 

Aluminium  is  only  found  in  small  quantity  in  most  plants,  but  the  ashes 
of  certain  cryptogams,  e.g.  lycopodium,  contain  large  quantities  of  aluminium.^ 

Aluminium  is  contained  in  the  atmosphere  of  the  sun. 

History. — The  term  “  alumen  ”  was  applied  by  the  Romans  to  all  bodies 
of  an  astringent  taste,  and  among  them  alum  was  included.  Alum  was  well 
known  to  Geber  and  the  later  alchemists,  who  erroneously  classed  it  with  the 
vitriols.  This  error  was  corrected  by  Paracelsus.  The  earth  present  in 
alum  was  for  a  long  time  supposed  to  be  calcareous.  In  1746,  Pott  stated 
that  the  basis  of  alum  is  an  argillaceous  earth,  and  in  1754,  Marggraf  showed 
that  alumina  and  lime  are  two  quite  distinct  earths,  and  that  alumina  is 
present  in  clay,  combined  with  silica. 

By  the  early  years  of  the  nineteenth  century  alumina  was  regarded  as  the 

'  Yoshida,  Trans.  Ghem.  Soc.,  1887,  51.  748;  L’Hote,  Compt.  rend.,  1887,  104,  853  ; 
Demar9ay,  ibid.,  1900,  130,  91  ;  Berthelot  and  Andre,  ibid.,  1895,  120,  288  ;  Kratzmann, 
Pharm.  Post,  1914,  47,  101,  109;  Langworthy  and  Peter,  The  Occurrence  of  Aluminium 
in  Vegetable,  Animal  Products,  and  Natural  Waters  (Wiley  &  Sons,  1904) ;  Czapek, 
Biochemie  der  PJlanten  (Jena,  1905),  vol.  ii.  p.  855  ;  H.  G.  Smith,  Ghem.  News,  1903, 
88,  135. 
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oxide  of  an  unknown  metal,  which  H.  Davy  unsuccessfully  endeavoured  to 
isolate.  Aluminium  was  isolated  by  Wohler  in  1827. 

Preparation. — The  oxide,  sulphide,  and  halides  of  aluminium  are  very 
stable  compounds,  and  the  preparation  of  the  metal  by  chemical  processes  is 
somewhat  difficult.  From  thermochemical  considerations,  it  may  be  deduced 
that  the  most  successful  methods  would  be  those  in  which  an  aluminium 
halide  is  reduced  by  fusion  with  an  alkali  metal. 

It  is  possible  that  aluminium  was  obtained  by  Oersted  in  1842,^  but  it  is 
generally  acknowledged  that  the  merit  of  having  first  prepared  aluminium 
and  studied  its  properties  belong  to  Wohler,  who,  by  heating  anhydrous 
aluminium  chloride  with  potassium,  obtained  the  metal  first  in  the  form  of  a 
grey  powder  which  became  brilliant  when  burnished,  and  subsequently  as 
fused  metallic  globules.^ 

In  1854  both  Bunsen  and  Deville  succeeded  in  preparing  aluminium  by 
electrolysing  the  fused  anhydron  chloride,  and  in  the  same  year  Deville 
commenced  his  classic  work  on  the  manufacture  of  aluminium  by  reducing 
aluminium  sodium  chloride  with  metallic  sodium.®  The  following  year  saw 
the  introduction  of  another  process,  namely,  the  reduction  of  cryolite  by 
fusion  with  sodium.  This  method  was  worked  out  by  Percy  in  England  and 
by  Bose  in  Germany.^  Later,  Grabeau  reduced  anhydrous  aluminium  fluoride 
by  means  of  sodium,  and  obtained  aluminium  of  remarkable  purity.® 

At  the  present  time  the  only  method  by  which  aluminium  is  produced  on 
a  commercial  scale  is  an  electrolytic  method,  developed  independently  and 
almost  simultaneously  in  1886  by  C.  M.  Hall  in  America  and  P.  V.  Heroult 
in  France.  Alumina  is  dissolved  in  molten  cryolite  and  electrolysed,  when 
aluminium  separates  out  at  the  cathode.®  Attempts  have  been  made  to 
electrolyse  aluminium  sulphide  dissolved  in  fused  sodium  sulphide,  but  they 
have  not  yet  been  commercially  successful.'*' 

The  necessity  for  finding  a  solvent  for  the  alumina  arises  from  the  fact  that 
its  melting-point  is  2010°  to  2050°.  The  melting-point  of  cryolite  is  a  little 
below  1000°.  In  order  to  produce  a  more  fluid  bath,  other  fluorides  are  added 
to  the  cryolite,  e.g.  aluminium  fluoride  and  calcium  floride. 


1  See  Berzelius,  Jahretber.,  1827,  6,  118  ;  Oersted,  Omrs.  K,  Danske  VidensTc.  Selbsk. 
Forhandl.,  1824-1825. 

®  Wohler,  Fogg.  Annalen,  1827,  ii,  146;  Ann.  Ghim.  Phys.,  1828,37,  66;  Annalen, 
1836,  17,  43;  1845,  53,  422. 

®  Bunsen,  Fogg.  Annalen,  1854,  92,  648  ;  Deville,  Ann.  Ghim.  Phys.,  1855,  [iii.],  43,  5  ; 
1856,  [iii.],  46,  415. 

^  Rose,  Fogg.  Annalen,  1855,  96,  152 ;  Ann.  Ghim.  Phys.,  1855,  [iii.],  45,  369  ;  and  see 
also  Phil.  Mag.,  1855,  [iv.],  10,  364. 

®  Grabeau,  Zeitsch.  angew.  Ghem.,  1888,  i,  708  ;  185^,  2,  149. 

8  Hall,  U.S.  Pat.,  400,664  ;  400,665;  400,666;  400,667  ;  400,766;  Heroult,  J'r.  Pat., 
175,711  (1886) ;  see  also  J.  Pnd.  Eng.  Ghem.,  1911,  3,  143.  The  following  papers  may  also 
be  referred  to:  J.  W.  Richards,  Electrochem.  Ind.,  1903,  i,  158  ;  Zeitsch.  Elektrochem. ,  1895, 
I,  367  ;  Haber,  ibid.,  1902,  8,  607  ;  1903,  9,  360  ;  Haber  and  Geipert,  ibid.,  1902,  8,  1,  26 ; 
Neumann  and  Olsen,  ibid.,  1910,  16,  230;  Thompson,  Electrochem.  Ind.,  1909,  7,  19; 
Richardson,  Trans.  Amer,  Electrochem.  Soc.,  1911,  19,  159  ;  Eedot6ev  and  Iljinsky,  Zeitsch. 
anorg.  Ghem.,  1913,  80, 113  ;  Bock,  Zeitsch.  angew.  Ghem.,  1909,  22, 1309  ;  Puschin,  Dischler, 
and  Maksimenko,  J.  Russ.  Phys,  Ghem.  Soc.,  1914,  46,  1347  ;  also  such  text-books  as 
Allmand,  AjipHed  Electrochemistry  (Arnold,  1912);  Stansfield,  The  Electric  Fuimace 
(M‘Graw-Hill  Book  Co.,  1914) ;  Dony-H6nault,  Gall,  and  Guye,  Prmeipes  et  applications  dc 
Velectrochimie  (Paris  and  Liege,  1914);  J.  W.  Richards,  Aluminium  (Sampson  Low, 
Marston  &  Go.,  3rd  ed.,  1896);  Minet,  Ualuminium  (Paris);  Thorpe,  Dictionary  of 
Applied  Ghemistry  (Longmans  k  Co.,  1911),  vol.  i. 

1  Bucherer,  D.R.P.,  63,995  (1892);  Gin,  D.B.P.,  148,627  (1902). 
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The  equilibrium  diagrams  for  the  systems  (i.)  alumina — cryolite,  (ii.) 
alumina — fluorspar,  (fli.) cryolite — fluorspar,  (iv.)  cryolite — alumina — fluorspar, 
and  (v.)  aluminium  fluoride — sodium  fluoride  have  been  partly  or  wholly 
determined.  The  first  three  systems  have  been  studied  by  Pascal  and 
Jouniaux,^  whose  results  are  shown  graphically  in  figs.  4  and  5.  In  each 
system,  two  series  of  mixed  crystals  are  formed,  and  the  “  liquidus  ”  curve 
consists  of  two  branches  meeting  at  a  eutectic  point.  The  ternary  system  as 
worked  out  by  the  same  experimenters  is  shown  graphically  in  figs.  6  and 
7,  which  represent  the  “liquidus”  and  “solidus”  respectively.  The 


Fis.  4.— Equilibrium  diagrams  for  Fig.  6.— Equilibrium  diagram  for  the  system 

the  systems;  (I.)  fluorspar—  cryolite— fluorspar, 

alumina,  (II.)  cryolite — alumina. 

isothermals  are  given  for  a  series  of  temperatures  separated  by  intervals  of 
50°.  The  ternary  eutectic  point  is  868°  and  corresponds  to  a  mixture  of  the 
following  composition:  cryolite,  59-3  per  cent. ;  fluorspar,  23-0  per  cent.; 
alumina,  17 ’7  per  cent.  In  actual  practice,  according  to  Pascal  and  Jouniaux, 
alumina’ is  added  so  as  to  constitute  10  to  25  per  cent,  of  the  alumina-cryolite 
mixture,  and  fluorspar  is  added  up  to  36  per  cent,  of  the  weight  of  the  cryolite 
present.  The  working  compositions  are  therefore  included  in  the  trapezium 
bounded  by  the  lines  F6,  Fc,  be,  and  ka.  This  trapezium  includes  the  eutectic 
mixture,  and  no  mixture  in  it  has  a  melting-point  higher  than  980°.  The 
temperature  limits  adopted  in  practice  are  given  by  Pascal  and  Jouniaux  as 

875°  to  950°.  _  .  . 

The  system  jltoovide — sodiuvi  JluoT%d6  has  been  studied  by 


1  Pascal  and  Jouniaux,  Bull.  Soo.  chim.,  1913,  [iv.],  13,  439;  Eev.  Mitallurgie,  1914, 
II.  1069  ;  cf.  Pyne,  Trans.  Amer.  Eledrochem.  Noc.,  1906,  10,  63;  Moldenhauer,  Metallurgic, 
1909,  6,  14  ;  Lorenz,  Jabs,  and  Eitel,  Zeitsch.  anorg.  Chem.,  1913,  83,  39. 
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Fedoteev  and  Iljinsky,^  whose  results  are  shown  graphically  in  fig.  8.  The 
branches  AB,  BCD,  and  DE  correspond  to  the  solid  phases  NaF,  SNaF.AlFg, 
and  SNaF.SAlFg  respectively,  and  the  latter  compound  breaks  up  at  725 
into  SNaF.AlFg  and  AlFg.  It  will  be  seen  that  the  addition  of  aluminium 
fluoride  to  cryolite  produces  a  readily  fusible  mixture.  Fedoteev  and  Ilj insky 
recommend  that  the  solvent  for  alumina  should  be  prepared  by  adding 
sufficient  aluminium  fluoride  to  cryolite  to  give  the  mixture  the  composition 
G  (fig.  8) ;  that  the  temperature  should  be  maintained  at  900°,  and  that  the 
quantity  of  alumina  added  should  not  exceed  7'5  per  cent,  of  the  weight  of 
the  solvent.  If  pure  cryolite  be  used  as  solvent,  Fedoteev  and  Iljinsky 
recommend  that  not  more  than  10  per  cent,  of  alumina  be  added. 

It  is  essential  that  the  molten  metal  shall  be  liberated  at  the  cathode  in 


Fig.  6. — The  system  cryolite— alumina — fluorspar.  Projection  of  “  liquidus.” 
Contour  lines  for  each  50°  difference  in  temperature. 


a  medium  of  lower  specific  gravity  than  the  metal  itself.  At  the  ordinary 
temperature,  aluminium  is  less  dense  than  cryolite ;  fortunately,  however, 
the  reverse  is  true  at  high  temperatures,  as  will  be  seen  from  the  results 
tabulated  below  and  represented  diagrammatically  in  fig.  9  : — ^ 


Temperature 
Density  of  A1  (liquid) 
Temperature 

Density  of  cryolite  (liquid) 
Temperature 

Density  of  cryolite  (liquid) 


668° 

682° 

740° 

802° 

2-46 

2-45 

2-43 

2-41 

972° 

975* 

978° 

979° 

2-185 

2-197 

2-203 

2-197 

1039° 

1048° 

1061° 

1069° 

2-177 

2-167 

2-164 

2-139 

868° 

925° 

1000° 

2-39 

2-87 

2-35 

995° 

1003° 

1018° 

1032° 

2-220 

2-209 

2-196 

2-189 

1075° 

1070* 

1083° 

2-129 

2-113 

2-102 

It  will  be  seen  that  molten  cryolite,  like  water,  has  a  point  of  maximum 
density,  the  density  then  being  2‘22  and  the  temperature  995°.  The  density 
of  cryolite  is  diminished  by  the  addition  of  silica  and  increased  by  the 
addition  of  calcium  fluoride  (see  fig.  9) ;  the  influence  of  alumina  on  the 


1  Fedoteev  and  Iljinsky,  loc.  cit.\  see  also  Lorenz,  Jabs,  and  Eitel,  Ze'itsch.  anorg.  Chem,, 
1913,  83,  39,  328. 

2  Pascal  and  Jouniaux,  Bull,  Soc.  chim.,  1914,  [iv.],  15,  312. 
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density  is  rather  complex,  but  unless  a  large  quantity  (over  20  per  cent.)  is 
added,  the  density  is  diminished  (see  fig.  9).  The  densities  of  the  com¬ 
mercially  important  ternary  mixtures  of  cryolite,  alumina,  and  fluorspar  at 
950°  are  shown  graphically  in  fig.  10  ;  it  will  be  seen  that  they  are  less 
than  2 '40,  and  in  actual  practice  the  presence  of  a  little  silica  in  the  cryolite 
makes  them  all  a  little  lower  than  the  values  given  in  the  diagram. 

The  Hall  and  Heroult  processes  only  differ  slightly  in  the  nature  of  the 
plant  employed,  and  perhaps  to  some  extent  in  the  composition  of  the  electro¬ 
lyte  adopted.  Each  Hall  cell  consists  of  a  rectangular  cast-iron  box, 
6'  X  3'  X  3',  thickly  lined  with  carbon.  This  lining  forms  the  cathode.  The 
actual  depth  of  electrolyte  in  the  hath  is  6  inches.  As  anode,  a  large  number 
of  carbon  rods  are  used,  which  dip  into  the  electrolyte  and  end  about  1 


Fig.  7.— The  system  cryolite— alumina— fluorspar.  Projection  of  “  solidus.” 

Contour  lines  for  each  50°  difference  of  temperature. 

inch  above  the  level  of  the  aluminium  at  the  bottom.  It  is  therefore  clear 
why  the  density  of  the  bath  must  be  such  as  to  allow  the  aluminium,  as 
it  is  produced,  to  sink  rapidly  to  the  bottom ;  otherwise,  besides  oxidation 
of  the  metal  taking  place,  short  circuiting  will  occur.  About  15  to  20 
parts  of  alumina!  are  added  for  each  100  parts  of  solvent.  The  electrolyte 
is  roughly  covered  with  a  layer  of  carbon,  on  the  top  of  which  alumina  is 
placed.  As  electrolysis  proceeds,  this  alumina  is  stirred  into  the  bath  and  at 
intervals  the  separated  aluminium  is  tapped  off  from  the  bottom. 

The  current  consumed  by  each  cell  is  10,000  am'peres  at  5 '6  volts,  the 
current  density  being  100  amp./dcm.^  at  the  cathode,  and  about  500 
amp  /dcm.2  at  the  anode.  The  current  efficiency  does  not  exceed  70  per  cent., 
largely  owing  to  the  formation  of  a  “metal  mist”  of  aluminium  particles 
which  diffuse  to  the  surface  and  become  oxidised. _  The  least  potential 
difference  capable  of  producing  continuous  electrolysis  is  2-1  to  2-2  volts,  which 
value  does  not  differ  greatly  from  the  approximate  figure  calculated  from  the 


^  Prepared  as  described  later  (p.  79). 

®  Claoher,  Mel.  Chem,  Eng.,  1911,  g,  137. 
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heat  of  formation  of  alumina.  The  potential  differences  required  for  the 
electrolysis  of  aluminium  chloride,  aluminium  fluoride,  sodium  fluoride,  and 
calcium  fluoride  are  approximately  2‘3,  4’0,  4’7,  and  4‘7  volts  respectively. 

The  cost  of  the  carbon  anodes,  which  are  eaten  away  by  the  liberated 
oxygen  with  the  formation  mainly  of  carbon  monoxide,  is  a  very  serious  item. 
The  anode  rods  must  be  evenly  hard,  very  slightly  porous,  and  leave  very 
little  ash  when  burnt.  They  are  usually  made  from  petroleum  coke.^  Water¬ 
power  is  always  employed  in  the  production  of  the  necessary  electric  current. 
The  world’s  supply  of  aluminium  is  produced  mainly  by  the  Aluminium 
Company  of  America,  at  Niagara,  Massena,  and  Shawingian  Falls,  the  Societe 
Electrometallurgique  Frangaise,  at  Froges,  La  Plaz,  and  St  Michael,  and  the 
British  Aluminium  Company,  at  Kinlochleven  in  Scotland.  The  world’s 
output  of  aluminium  was  about  8000  tons  per  annum  from  1900-1905  ;  since 

then  it  has  steadily  increased,  and 
was  about  30,000  tons  in  1909.^ 
Aluminium  produced  by  electro¬ 
lysis  contains  99  per  cent,  or  more  of 
aluminium,  the  chief  impurities  being 
iron  and  silicon.  A  little  carbon  is 
also  present,  and  in  a  sample  ex¬ 
amined  spectroscopically  by  Hartley 
and  Eamage,®  traces  of  sodium,  potas¬ 
sium,  calcium,  copper,  silvei-,  man¬ 
ganese,  lead,  gallium,  and  indium 
were  detected.  It  is  extremely  diffi¬ 
cult  to  purify  the  aluminium  after 
it  has  once  been  produced,  and 
hence  it  is  necessary  to  employ  pure 
materials  in  its  preparation.  It  is 
for  this  reason  that  the  carbon  anodes 
must  be  practically  free  from  ash. 
Fig.  8. — Equilibrium  diagram  for  the  system  The  alumina  is  usually  prepared  from 
sodium  fluoride— aluminium  fluoride.  bauxite  by  a  method  described  later 

(p.  79).  The  cryolite  is  not  specially 
purified,  but  any  foreign  metals  present  are  removed  after  it  has  been  sub¬ 
mitted  to  the  action  of  the  current  for  a  short  time. 

Pure  aluminium  is  best  prepared  by  reducing  pure,  redistilled  aluminium 
tribromide  with  a  slight  deficiency  of  sodium.  The  tribromide  is  mixed  with 
sodium  and  potassium  chlorides  and  heated  with  metallic  sodium  in  a  crucible 
lined  with  a  mixture  of  alumina  and  sodium  aluminate.^ 

Properties. — Aluminium  is  a  tin-white  metal  which  may  be  highly 
polished.  The  commercial  metal  is  extremely  sonorous,®  malleable,  and 
ductile.  It  is  best  worked  at  100°  to  150°;  at  600°  it  is  easily  broken, 
and  at  a  slightly  higher  temperature  it  may  be  powdered  in  a  mortar.® 


Moh  oF  AlFj  per  100  mo/s  of  mixture. 


^  Clacher,  Met.  Ghem.  Eng.,  1911,  9,  137. 

y*  Thorpe,  A  Dictionary  of  Applied  GAewm/ry  (Longmans  &  Co.,  2nd-ed.,  1911-19131 
vol.  1.  p.  106. 

®  Hartley  and  Eamage,  Trans.  Ghem.  Soc.,  1897,  71,  647. 

^  Mallet,  Phil.  Trans.,  1880,  171,  1022  ;  Ghem.  News,  1882,  46,  178. 

®  The  pure  metal  is  not  sonorous  (Mallet,  cited  by  Baskerville,  J.  Ind.  Eng.  Glum., 
1.914}  0}  183)*  ^ 

®  Granger,  Bull.  Soc.  chim.,  1902,  [iii.],  27,  789. 
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Aluminium  has  a  crystalline  structure  when  slowly  cooled.  Apparently  the 
crystals  are  regular  octahedral  After  being  worked,  the  metal  is  devoid  of 


Fio.  9. — Densities  of  aluminium,  etc.,  at  high  temperatures. 


Fig.  10. — Densities  of  mixtures  of  cryolite,  fluorspar,  and  alumina  at  950°. 

structure.  Cast  aluminium  is  about  as  hard  as  silver,  and  becomes  harder 
when  hammered.  2 

The  density  of  aluminium  varies  with  the  treatment  to  which  it  has 
been  subjected.  The  density  of  the  cast  metal  (containing  0'36  per  cent. 


1  Deville,  Ann.  Chim.  Fhys.,  1855,  [iii.],  43,  H- 

2  For  the  manufacture  of  aluminium  foil  and  powder,  see  Guillet,  Fev.  MUallurgie, 
1912,  9,  147. 
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impurities)  is  2-703  at  18°  C.  j  that  of  the  worked  metal  may  be  less  than 
2-703,  but  it  increases  on  annealing  and  may  reach  the  value  2-7085  at  18°.^ 
Mallet  2  gives  the  density  of  pure  aluminium  as  2-583  at  4°  0.  The  mean 
coefficient  of  expansion  between  0°  and  100°  is  2-432  x  10“®  for  hard-drawn 
metal  and  2-454  x  10"®  for  the  annealed  metal.^ 

The  value  of  Young’s  modulus  for  aluminium  is  about  6-91  x  10®  (in 
kilos,  per  sq.  mm.)  at  20°,  the  rigidity  being  about  2-7  x  10®  (in  kilos, 
per  sq.  mm.) ;  both  these  values  diminish  considerably  with  rise  of 
temperature.^  The  compressibility  is  T49  x  10~®  per  atmosphere.®  The 
tensile  strength  is  affected  by  the  form,  method  of  casting,  and  sub¬ 
sequent  treatment,  the  ultimate  strength  being  (in  tons  per  sq.  inch) 
7  in  castings,  11  in  sheet  aluminium,  and  from  13  to  29  in  aluminium 
wire. 

The  thermal  conductivity  of  aluminium  is  0-3435  at  0°  and  0-3619  at  100° 
(absolute  units),  according  to  the  measurements  of  Lorenz,®  while  .Jaeger 
and  Disselhorst give  0-4804  and  0-4923  as  the  corresponding  figures  for 
aluminium  containing  0-4  per  cent,  of  copper  and  0-5  per  cent,  of  iron. 
Aluminium  is  therefore  a  slightly  better  heat  conductor  than  zinc.  The 
electrical  conductivity  is  35-6  x  10^  reciprocal  ohms  per  cm.  cube  at  0°, 
according  to  Sturm ;  while  the  conductivity  at  0°  and  temperature-coefficient 
of  the  resistance  (between  0°  and  100°)  are  given  by  Broniewski  as  40-1  x  10^ 
and  4-25  x  10~®  respectively  for  annealed  aluminium,  and  38-5  x  10* *  and 
4-10  X  10~®  for  the  chilled  metal.® 

Aluminium  melts  at  658  ±  1°,®  boils  at  1800°,*®  and  expands  at  4-8  per 
cent,  on  fusion.**  Owing  to  the  formation  of  a  protective  film  of  oxide,  it  is 
possible  to  heat  a  piece  of  aluminium  wire  .above  the  melting-point  without 
destroying  its  shape.*®  Being  a  metal  of  low  atomic  weight,  aluminium  has 
a  high  specific  heat,  which,  moreover,  has  a  large  temperature-coefficient. 
According  to  E.  H.  Griffiths  and  E.  Griffiths,  the  specific  heat  is  0-2096  at 
0°  and  0-2252  at  100°.*®  Intermediate  values  are  given  by  the  expression 
s  =  0-20957(1  -F  9-161  x  10~*«-  1-7  x  10~®i®),  and  hence  the  mean  specific  heat 
is  0-2180  between  0°  and  100°,  and  0-2196  between  20°  and  100°.  For  the 
latter  value,  Schmitz  found  0-2191.**  Bontscheff  has  experimented  over  a 


*  Brislee,  Trans.  Faraday  Soc.,  1912,  7,  221 ;  1913,  9,  162 ;  Lowry  and  Parker,  Trans. 
Cliem.  Soc.,  1915,  107,  1005. 

^  Mallet,  Chem.  News,  1882,  46,  178. 

3  Brislee,  loc.  cit,  and  Chem.  News,  1912,  105,  3  ;  cf.  Fizeau,  Compt.  rend.,  1869,  68, 
1125;  Le  Ohatelier,  ,  1889,  108,  1096. 

*  Brislee,  Trans.  Faraday  Soc.,  1913,  9,  155  ;  Voigt,  Wied.  Annalen,  1893,  48,  674  ; 

G.  S.  Meyer,  ibid.,  1896,  59,  668  ;  Schaefer,  Ann.  Physik,  1901,  5,  220  ;  1902,  9,  665, 
1124  ;  Pionchon,  Compt.  rend.,  1892,  115, 162  ;  Slotte,  Acta  Soc.  Sci.  Fennicce,  Eelsinafors' 
1899,  26 ;  1900,  29.  ^  ’ 

®  Richards  (and  others),  J.  Amer.  Chem.  Soc.,  1909,  31,  154  ;  1915,  37,  164. 

®  L.  Lorenz,  IVied.  Annalen,  1881,  13,  422,  582. 

*  Jaeger  anil  Disselhorst,  JViss.  Ahh.  phys.-tech.  Reichsanstalt,  1900,  3,  269. 

®  Sturm,  Inaugural  Dissertation  {Rostock,  1904) ;  Broniewski,  Ann.  Chim.  Phys.,  1912 
[viii.],  25,  5  ;  cf.  J.  W.  Richards,  Chem.  News,  1897,  75,  217.  ’ 

»  Day,  Sosman,  and  Allen,  Amer.  J.  Sci.,  1910,  [iv.],  29,  93;  Burgess,  J.  Washinaton 
Acad.  Sci.,  1911,  i,  16;  Chem.  News,  1911,  104,  165. 

Greenwood,  Proc.  Eery.  Soc.,  1909,  A,  82,  396  ;  1910,  A,  83,  483. 

**  Toepler,  IVied.  Annalen,  1894,  53,  343. 

Matignon,  Bull.  Soc.  chim.,  1909,  [iv.],  5,  91;  Moniteur  Sci.,  1900,  [iv.],  14  357- 
von  Bolton,  Zeitseh.  Elcktrnchnm. ,  1908,  14,  766.  ”  ’ 

E.  H.  Griffiths  and  E.  Griffiths,  Phil.  Trans.,  1913,  A,  213,  119. 

**  Schmitz,  Proc.  Roy.  Soc.,  1903,  72,  177. 
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wide  temperature  interval  and  gives  the  following  values  for  the  specific 

i16SpU  I — 

Temp.  °C.  .  -100°  0°  100°  300°  500°  650° 

Specific  heat .  0-1893  0-2089  0-2226  0-2434  0-2739  0-3200 

The  results  may  be  expressed  by  the  formula  : — 

5  =  0-20890  + l  '6187f  X  10~^- 2-9425i^  x  10~''  + 4-6183i3  x  10~^®. 

At  -  193-9°  the  specific  heat  of  aluminium  is  only  0-086,  and  at  -  253-9 
it  has  fallen  to  0-0024;  at  these  extremely  low  temperatures  the  specific 
heat  is  proportional  to  the  cube  of  the  absolute  temperature.^  The  atomic 
heat  of  aluminium  at  ordinary  temperatures  is  rather  lower  than  might  be 
anticipated,  since,  adopting  the  mean  specific  heat  between  20°  and  100°, 
the  atomic  heat  is  only  5-95.^  Griffiths  and  E.  Griffiths  give  the  following 
as  the  most  probable  values  of  the  atomic  heat  of  aluminium  at  various 
temperatures : —  ^ 

Temp,  (abs.)  .  32-4°  80°  120°  200°  250°  300°  340°  380° 

Atomic  heat  .  0-25  2-27  3-74  5-14  5-54  5-81  5-98  6-13 

The  latent  heat  of  fusion  of  aluminium  is  70  to  80  cals,  per  gram.® 
Aluminium  is  paramagnetic,  the  magnetic  susceptibility  at  ordinary 
temperature  being  +  1-8  x  10~®  c.g.s.  electromagnetic  units  per  unit  volume.'’’ 
The  atomic  refraction  of  aluminium  in  its  compounds  is  9-5  (for  the  line ; 
Gladstone  and  Dale’s  formula).^ 

The  electrode  potential  of  aluminium  is  not  known  with  any  accuracy, 
the  value  €„=  —  1-03  to  1-28  volts  being  uncertain  and  probably  numerically 
too  great.  In  the  potential  series  aluminium  probably  occupies  the  follow¬ 
ing  position  : — 

Alkali  and  alk.  earth  metals.  Mg,  Mn,  Al,  Zn,  Or,  Cd,  Fe,  etc.® 

When  aluminium  is  used  as  anode  in  passing  a  current  through  an  aqueous 
solution,  and  the  voltage  does  not  exceed  some  25  volts,  the  current  that 
passes  quickly  falls  to  almost  zero.  This  seems  to  be  due  to  the  formation 
of  a  layer  of  aluminium  hydroxide  on  the  anode.  The  critical  voltage, 
above  which  an  appreciable  current  can  be  made  to  flow,  varies  with  the 


^  Bontscheff,  Inaugural  Dissertation  (Zurich,  1899) ;  also  in  Laemmel,  Ann.  Physik, 
1905,  fiv.],  i6,  551. 

^  Nernst  and  Schwers,  Sitzungsber.  K.  Akad.  Wiss.  Berlin,  1914,  p.  355. 

®  Bor  other  work  on  the  specific  heat  of  aluminium,  see  Pionchon,  Compt.  rend.,  1892, 
175, 162  ;  Tilden,  Phil.  Trans.,  1900,  A,  194,  233  ;  1903,  A,  201, 37  ;  Trans.  Chem.  Soc.,  1905, 
18,  551  ;  Trowbridge,  Science,  1898,  8,  6  ;  Behn,  Wied.  Annalen,  1898,  66,  237  ;  Schiibel, 
Zeitsch.  anorg.  Chem.,  1914,  87,  81;  and  Vol.  I.,  Chap.  II. 

*  E.  H.  Griffiths  and  E.  Griffiths,  Phil.  Trans.,  1914,  A,  214,  319. 

®  Pionchon,  loc.  cit.-,  Laschtschenko,  J.  Russ.  Phys.  Chem.  Soc.,  1914,  46,  311;  cf. 
J.  W.  Richards,  Aluminium  (Baird  &  Co.,  3rd  ed.,  1896),  p.  80. 

®  Wills,  Phil.  Mag.,  1898,  [v.],  45,  432  ;  Koenigsberger,  Wied.  Annalen,  1898,  66,  698  ; 
Honda,  Ann.  Physik,  1910;  [iv.],  32,  1027;  Owen,  ibid.,  1912,  37,  657;  Proc.  K.  Akad. 
Wetensch.  Amsterdam,  1911,  14,  637. 

Gladstone,  Proe.  Roy.  Soc.,  1897,  60,  140. 

®  Neumann,  Zeitsch.  physikal.  Chem.,  1894,  14,  217  ;  Wilsmore,  ibid.,  1900,  35,  318; 
Burgess  and  Hambiichen,  Elecirochem.  Ind.,  1903,  i,  165;  van  Deventer  and  Luinmel, 
Chem.  Weekhlad.,  1907,  4,  771 ;  1908,  5,  359  ;  van  Laar,  iUd.,  1908,  5,  124. 
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temperature  and  the  nature  of  the  electrolyte.  This  property  of  aluminium 
is  utilised  at  times  for  obtaining  a  direct  from  an  alternating  current.^ 

The  arc  and  spark  spectra  of  aluminium  ^  are  fairly  simple.  The  most 
intense  lines  in  these  spectra,  i.e.  the  “  hauptlinien,”  are  (Exner  and  Haschek) 
the  following ; — 

arc:  2568  08,  2575-20,  2652  56,  2660-50,  3082’30,  3092"89,  3944 '20, 

396171 

spark  :  2816-41,  3082-30,  3092-89,  3944-22,  396174,  4529-70,  5696-71. 

The  most  persistent  lines  in  the  spark  spectrum  of  aluminium,  i.e.  the 
“ultimate”  lines,  which  should  be  looked  for  when  seeking  the  traces  of 
aluminium,  are  (Exner  and  Haschek’s  wave-lengths)  3961-74,*  3944'22,* 
3092-82,  3082-30,  2816-41,  those  asterisked  being  the  most  sensitive.^ 

The  arc  spectrum  of  aluminium  contains  a  number  of  very  characteristic 
bands  due  to  aluminium  oxide,  which  disappear  when  the  arc  is  surrounded 
by  an  atmosphere  of  hydrogen. 

Aluminium  always  contains  a  little  occluded  gas,  which  may  be  extracted 
by  fusing  the  metal  in  vacuo.^ 

Aluminium  readily  combines  with  the  halogens.  A  compact  piece  of 
the  metal  is  only  superficially  oxidised  when  heated  in  air  or  oxygen,  but  in 
thin  foil  it  burns  brilliantly  when  heated  in  oxygen.  Aluminium  powder 
begins  to  oxidise  rapidly  at  400°,  and  readily  burns  if  strongly  heated  at 
one  point,  aluminium  oxide  and  a  little  nitride  being  produced.®  Aluminium 
rapidly  oxidises  if  the  surface  is  amalgamated  with  mercury,  an  arborescent 
growth  of  alumina  quickly  forming  all  over  the  metal.®  At  high  tempera¬ 
tures  finely  divided  aluminium  readily  unites  with  sulphur,  selenium, 
phosphorus,  and  arsenic ;  it  also  combines  with  antimony,  but  with  more 
difficulty.^  Aluminium  combines  directly  with  nitrogen,  producing  a 
nitride;  it  also  combines  with  carbon,  silicon,  and  boron. 

Owing  to  the  extremely  large  heat  of  formation  of  aluminium  oxide, 
aluminium  is  able  to  reduce  many  oxides,  with  the  evolution  of  much  heat. 
Thus,  aluminium  powder  burns  readily  when  heated  in  the  oxides  of  sulphur. 


1  W.  W.  Taylor  and  Inglis,  Phil.  Mag.,  1903,  [vi.],  5,  301 ;  F.  Fischer,  Zeitsch.  physikal. 
Chem.,  1901,  4^,  177;  Zeitsch.  Elehtroehem. ,  1904,  10,  869;  Zeitsch.  anorg.  Chem., 
1905,  43,  341 ;  Charters,  J,  Physical  Chem.,  1905,  9,  110  ;  Baristo  and  Merser,  Trans. 
Faraday  Soc.,  1911,  7,  1;  Baristo,  ibid.,  1912,  8,  232;  Schultze,  Zeitsch.  Elektrochem., 
1914,  20,  307,  592. 

®  Kayser,  Handbueh  der  Spektroskopie  (Leipzig,  1900-1912),  vol,  v.  p.  94  ;  Exner  and 
Haschek,  Die  Spektren  der  Elemente  bei  normalem  Dmck  (Leipzig  and  Wien,  1911); 
Griinter,  Zeitsch.  Wiss.  Photochem.,  1913,  13,  1  (arc  and  spark) ;  Eder,  ibid.,  1913,  13, 
20  ;  1914,  14,  137  (spark,  ultraviolet) ;  Huppers,  ibid.,  1913,  13,  46  (arc,  below  3200) ;  de 
Gramont,  Compt.  rend.,  1913,  157,  1364  (band  spectrum) ;  Stark  and  others,  Ann.  Physik, 
1913,  [iv.],  42,  241 ;  45,  29  (canal  ray  spectrum) ;  Pollok,  Sci.  Proc.  Roy.  DM.  Soc.,  1912, 
13,  202  (vacuum  tube  spectrum) ;  L.  and  E.  Bloch,  Compt.  rend.,  1914,  158,  1416  (extreme 
ultra-violet,  spark). 

»  Pollok  and  Leonard,  Sei.  Proc.  Roy.  Dubl.  Soc.,  1907,  li,  229  ;  de  Gramont,  Compt. 
rend.,  1907,  144,  1101  ;  1910,  151,  308 ;  1914,  159,  5  ;  cf.  Hartley  and  Moss,  Proc.  Roy. 
Soc.,  1912,  A,  87,  38.  ./  j  ,  j 

*  See  Guichard  and  Jourdain,  Compt.  rend.,  1912,  155,  160. 

Kohn-Abrest,  Bull.  Soc.  chim.,  1904,  31,  232  ;  Matignon,  Compt.  rend.,  1900,  130, 

«  Jehn  and  Hinze,  Ber.,  1874,  7,  1498  ;  Lebon,  Compt.  rend.,  1900,  131,  706  • 
Jourdain,  ibid.,  1910,  150,  391. 

’  Fonzes-Diacon,  ibid.,  1900,  130,  1314. 
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nitrogen,  and  carbon.^  The  reduction  of  a  solid  oxide  is  best  accomplished 
by  mixing  the  powdered  oxide  with  an  equivalent  of  granulated  aluminium 
and  starting  the  reaction  by  putting  a  little  barium  peroxide  and  magnesium 
powder  mixture  on  the  top  and  lighting  it  with  a  match  or  a  piece  of  burning 
magnesium  ribbon.  In  this  way  the  oxides  of  iron,  manganese,  chromium, 
etc.,  can  be  easily  reduced  to  metal,  so  much  heat  being  generated  that  both 
the  metal  and  the  alumina  produced  are  melted  in  the  reaction. ^  These  re¬ 
ductions  are  generally  known  as  “thermit”  reactions  (vide  infra,  p.  58).  In 
a  few  cases  the  reduction  of  an  oxide  by  aluminium  is  an  endothermic  change 
and  can  only  be  brought  about  by  supplying  the  necessary  heat,  e.g.  the 
reduction  of  calcium  and  magnesium  oxides.®  Thermit  reactions  may  be 
readily  applied  to  the  preparation  of  phosphides,  arsenides,  silieides,  and 
borides  by  simultaneously  reducing  two  oxides.^ 

At  ordinary  temperatures  aluminium  is  unattacked  by  air-free  water,  but 
ordinary  water  slowly  acts  upon  it.  The  rate  of  corrosion  is  greatly  increased 
by  the  presence  of  impurities,  particularly  by  traces  of  sodium,  copper,  or  iron, 
and  is  also  augmented  by  rise  of  temperature.®  Aluminium  powder  slowly 
decomposes  water  at  100°,  and  the  powder,  when  ignited  in  air  and  plunged 
into  steam,  continues  to- burn,  with  the  evolution  of  hydrogen.®  Aluminium 
amalgam  decomposes  water  readily,  aluminium  hydroxide  and  hydrogen 
being  produced.'^  To  effect  this  reaction  it  is  only  necessary  to  amalgamate 
superficially  the  surface  of  aluminium  foil  by  immersing  it  in  aqueous  mercuric 
chloride,  and  then  wash  the  foil  with  cold  water.  The  aluminium-mercury 
couple  thus  formed,  owing  to  the  ease  with  which  it  decomposes  water,  con¬ 
stitutes  a  valuable  reducing  agent.® 

Aluminium  is  rapidly  corroded  by  dilute  hydrogen  peroxide,  aluminium 
hydroxide  being  formed.® 

Aluminium  dissolves  readily  in  hydrochloric  acid,  dilute  or  concentrated, 
hydrogen  and  aluminium  chloride  being  produced.  The  action  of  dilute 
sulphuric  acid  is  very  slow  j  the  concentrated  acid  attacks  the  metal  with 
the  evolution  of  sulphur  dioxide.  Phosphoric  acid,  dilute  or  concentrated, 
readily  attacks  aluminium,  hydrogen  being  evolved.  In  comparison  with 
its  action  on  other  metals,  the  action  of  nitric  acid  on  aluminium  is 
extremely  slow.  With  5  to  20  per  cent,  acid  at  25°  to  30°  the  main  re¬ 
action  is  as  follows  : — 

A1  -f-  4HNO3  =  A1(N03)3  +  2H2O  -1-  NO. 

With  a  large  excess  of  acid,  nitrogen  appears  among  the  gaseous  products. 
A  little  ammonium  nitrate  is  produced.  Nitric  acid  of  density  1T5 
dissolves  aluminium  faster  than  the  1-45  acid,  and  the  rate  of  solution  of 


1  Mallet,  Trans.  Chem.  See.,  1876,  pt.  2,  349  ;  Franck,  Bull.  Soe.  chim.,  1894,  [iii.], 
II,  439  ;  Guntz  and  Masson,  ibid.,  1897,  [hi.],  17,  209  ;  Matignon,  lac.  cit. 

2  Goldschmidt,  J.  Soc.  Chem.  Ind.,  1898,  17,  543  ;  Eledrochem.  Ind.,  1908,  6,  360. 

3  Weston  and  Ellis,  Trans.  Faraday  Soc.,  1908,  4,  130 ;  1909,  4,  166  ;  Matignon, 
Compt.  rend.,  1913,  156,  1157. 

^  Colani,  Compt.  rend.,  1905,  141,  33  ;  Matignon  and  Trannoy,  ibid.,  1905,  141,  190. 

3  Donatti,  Zeitsch.  angew.  Chem,,  1895,  8,  141  ;  Bailey,  J.  Soc.  Chem.  Ind.,  1913,  32, 
293  ;  Scala,  Atti  E.  Accad.  Lined,  1913,  22,  i.  43,  95. 

®  Matignon,  Compt.  rend.,  1900,  130,  1390. 

Bailie  and  Fery,  Ann,  Chim.  Phys.,  1889,  [vi.],  17,  246. 

8  Cohen  and  Ormandy,  Trans.  Chem.  Soc.,  1890,  57,  811  ;  Wislicenus,  J.  prakt.  Chem., 
1896,  [ii.],  54,  18  ;  Lehon,  Compt.  rend.,  1900,  131,  706. 

®  Droste,  Chem.  Zeit.,  1913,  37,  1317, 
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the  metal  increases  with  the  fineness  of  division,  thick  foil  dissolving  very 
slowly,  but  coarse  turnings  much  more  rapidly.^  Organic  acids  attack 
aluminium  only  very  slowly,  hut  if  the  protecting  layer  of  hydrogen  that 
forms  on  the  metal  is  removed  {e.g.  by  operating  in  a  vacuum)  the  rate  of 
solution  is  greatly  accelerated.^ 

Alkali  hydroxides  in  aqueous  solution  rapidly  dissolve  aluminium,  alkali 
aluminates  and  hydrogen  being  produced.  With  ammonium  hydroxide,  the 
products  are  aluminium  hydroxide  and  hydrogen.  Aluminium  also  dissolves 
in  aqueous  alkali  carbonates,  carbon  dioxide  and  hydrogen  being  evolved. 
Aqueous  solutions  of  salts,  e.g.  sodium  chloride,  slowly  attack  aluminium, 
but  only  in  the  presence  of  oxygen  ;  the  addition  of  a  small  quantity  of  a 
weak  organic  acid  hastens  the  corrosion. 

Colloidal  aluminium.  — When  two  aluminium  rods  are  immersed  in  water, 
their  ends  being  separated  by  only  O'l  mm.,  and  a  condensed  spark  dis¬ 
charge  passed  between  them  by  means  of  a  powerful  induction  coil,  a 
colloidal  solution  of  aluminium  is  obtained.^ 

Applications. — Aluminium  is  largely  employed  in  the  iron  and  steel 
industry,  as  when  it  is  added  to  molten  steel  (a  few  ounces  per  ton)  it 
removes  the  dissolved  gases  to  a  large  extent,  and  thereby  prevents  the 
development  of  blowholes  in  castings.  In  America,  aluminium  is  extensively 
used  in  the  place  of  copper  for  electrical  transmission.  It  is  also  employed 
in  the  production  of  carbon-free  chromium,  manganese,  molybdenum,  ferro- 
titanium,  ferro-vanadium,  ferro-boron,  manganese-copper,  manganese-titanium, 
chromium-manganese,  etc.  The  metallic  oxide  or  mixture  of  oxides  is 
reduced  by  means  of  a  slight  deficit  of  granulated  aluminium,  the  reactions 
being  carried  out  in  large  magnesia-lined  crucibles  as  described  previously 
(p.  57).  A  mixture  of  powdered  aluminium  and  granulated  rolling-mill 
scale  (FegO^),  known  by  the  registered  name  of  thermit,  is  extensively  used 
in  welding  operations.  When  fired  in  the  usual  way  (p.  57)  the  iron  oxide 
is  rapidly  reduced  to  metallic  iron,  and  so  much  heat  is  developed  that  both 
the  iron  and  alumina  are  produced  in  the  liquid  state.  Tram-  and  railway¬ 
line  sections  may  be  joined,  and  broken  engine-frames,  driving-rods,  crank 
shafts,  etc.,  may  be  repaired  by  igniting  a  charge  of  thermit  and  allowing 
the  molten  iron  to  flow  around  the  place  at  which  a  join  is  to  be  effected.^ 

The  light  aluminium  alloys  (p.  61)  containing  a  high  percentage  of 
aluminium  are  largely  used  for  constructional  purposes,  e.g.  for  parts  of 
motor-cycles,  motor-cars,  and  aeroplanes.  The  salts  of  aluminium  are  non- 
poisonous,  and  hence  aluminium  is  used  to  a  considerable  extent  in  the 
manufacture  of  kitchen  utensils,  particularly  for  army  use,  and  is  coming 
into  use  in  the  construction  of  chemical  plant.®  Aluminium  cannot  be 
satisfactorily  soldered,  despite  the  large  number  of  solders  that  have  been 
patented  for  the  purpose.  It  must  be  riveted  or  welded. 

Aluminium  powder  enters  into  the  composition  of  certain  explosives.® 

1  Stillman,  J.  Amer.  Chem.  Soc.,  1897,  19,  715  (a  complete  bibliography  is  given  here) ; 
Watson  Smith,  J.  Soc.  Chem.  Ind.,  1904,  23,  475  ;  van  Deventer,  Chem.  Weehllad.,  1907, 
4,  69  ;  Hale  and  Foster,  J.  Soc.  Chem.  Ind.,  1915,  34,  464. 

^  Ditte,  Compt.  rend.,  1898,  127,  919  ;  1899,  128,  195,  793. 

^  Zavriev,  Zeitsch.  physikal.  Chem.,  1914,  87,  507. 

^  Goldschmidt,  Stahl  und  Eisen,  1898,  18,  408  ;  Zeitsch.  Elektroehem.,  1898,  4,  494  ; 
1899,  6,  53  ;  J.  Soc.  Chem.  Ind.,  1898,  17,  543,  584,  649  ;  Electrochem.  Ind.,  1908,  6,  360  ; 
Thorpe,  A  Dictionary  of  Applied  Chemistry  (Longmans  &  Co.,  2nd  ed.,  1912-13),  vol.'  v.  ’ 

®  Seligman,  Science  Progress,  1912,  6,  615  ;  Moissan,  Compt.  rend.,  1899,  128,  895. 

®  See  Bichel,  Zeitsch.  angew.  Chem,,  1905,  18,  1889. 
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Thus,  ammonal  contains  93-97  per  cent.  NH4NO3,  4-6  per  cent.  Al,  and 
0-1  per  cent,  moisture,  and  is  a  good  mining  explosive  and  high  explosive 
for  shells.i  Ammonal  B  contains  94-96  per  cent.  NH4NO3,  2-5-3-5  per  cent. 
Al,  2-3  per  cent,  wood  charcoal,  and  0—1  per  cent  moisture.  Another 
aluminium  explosive  2  contains  85-5  per  cent.  8  per  cent.  Al, 

2 '5  per  cent,  carbon  (hydrocarbon  or  nitrohydrocarbon),  and  4  per  cent. 

Atomic  and  Molecular  ^A/^eightS. — From  the  analyses  and  molecular 
weights  of  aluminium  chloride,  bromide,  and  iodide,  various  double  com¬ 
pounds  that  the  preceding  salts  form  with  organic  substances,  aluminium 
methyl,  aluminium  ethyl,  and  aluminium  acetylacetonate,  it  follows  that 
the  atomic  weight  of  aluminium  is  approximately  27,  or  three  times 
its  combining  weight.  This  conclusion  is  in  harmony  with  Dulong  and 
Petit’s  Law,  the  isomorphism  of  (i.)  alumina,  ferric  and  chromic  oxides, 
(ii.)  the  aluminium,  gallium,  indium,  chromium,  iron,  vanadium,  cobalt, 
and  rhodium  alums,  (iii.)  the  aluminium,  iron,  chromium,  and  cobalt  double 
oxalates,  etc. 

The  atomic  weight  was  determined  by  Mallet^  in  1880  by  four  distinct 
methods,  the  results  of  which  are  appended : — ® 

(NH,)2SO,.AL(SOAo.24HoO  :  ALO,  :  :  100  :  11-2793  .-.  Al  =  27-152 

sig  :  AlBrb  :  100  :  82-455  .•.A1_2Y-I09 
3H2:  2A1  :  :  100  :  896  33  .-.  Al  =  27-095 
2A1  :  3H2O  :  :  100  :  99-818  .-.  Al  =  27-072 

The  first  ratio  was  determined  by  calcining  ammonium  alum  and  measuring 
the  loss  in  weight;  the  second,  by  titrating  aluminium  bromide  against 
silver  according  to  the  procedure  of  Stas.  The  third  was  determined  by 
dissolving  aluminium  in  sodium  hydroxide  and  measuring  the  hydrogen 
evolved,  and  the  fourth  was  carried  out  like  the  third,  the  hydrogen,  how¬ 
ever,  being  burnt  to  water.  Other  determinations  ®  are  of  less  importance. 
The  atomic  weight  of  aluminium  is  at  present  taken  as  Al  =  27‘I- 

From  the  freezing-point  determinations  made  by  Heycock  and  Neville, 
it  appears  that  aluminium  in  dilute  solution  in  tin  has  the  molecular 
formula  Alg ;  but  it  is  not  certain  that  pure  tin  separates  on  freezing.’^ 
Aluminium  likewise  appears  to  be  present  largely  as  diatomic  molecules 
in  solution  in  mercury.® 


Von  Dahmen,  Eng,  Pat.,  16,277  (1900), 

*  See  Pat.,  16,514  (1904). 

®  On  alumininm  condensers  for  laboratory  use,  see  Mastbaum,  Chem.  Zeit.,  1910,  34, 
1319  ;  for  aluminium  stopcocks  on  hydrogen  sulphide  apparatus,  see  Campbell,  J.  Amer. 
Chem.  Soc,,  1911,  33,  947  ;  and  on  the  use  of  aluminium  dishes  in  quantitative  analysis, 
see  Formanek  and  Pe5,  Chem.  Zeit.,  1909,  33,  1282. 

^  Mallet,  Phil.  Tians.,  1880,  171,  1003. 

6  A  Recalculation  of  the  Atomic  Weights,  3rd  ed.  (“Smithsonian  Miscellaneous 

ColleBtions,”vol.  54,  No.  3, 1910).  Theantecedentdatahavebeen  charged  to  the  following;— 
0  =  16-000,  H  =  l-00762,  Ag  =  107-880,  Br=79'916,  8  =  32-065,  N=14-008. 

®  Berzelius,  Pogg.  Annalen,  1826,  8,  177  ;  Mather,  Amer.  J.  Sci.,  1835,  27,  241  ; 
Tissier,  Compt.  rend.,  1858,  46,  1105;  Isnard,  ibid.,  1868,  66,  508;  Dumas,  Ann.  Chim. 
PAi/s.,  1868,  [iii.],  55,  151  ;  Terreil,  Bull.  Soc.  chim.,  1879,  31,  153;  Baiibigny,  Compt. 
rend.,  1883,  97,  1369  ;  Thomsen,  Zeitsch.  anorg.  Chem.,  1895,  li,  14;  1897,  15,  447  ; 
Kohn-Abrest,  Bull.  Soc.  chim.,  1905,  [iii.],  33)  121. 

’  Fleycock  and  Neville,  Trans.  Chem.  Soc.,  1890,  51,  376. 

®  Eamsay,  ibid.,  1889,  55)  ®21. 
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ALLOYS  AND  COMPOUNDS  OF  ALUMINIUM. 

Aluminium  forms  one  series  of  salts,  in  which  it  is  tervalent.  The 
salts  are  derived  from  the  basic  oxide  AlgOg.  Those  derived  from  colour¬ 
less  acids  are  themselves  colourless.  The  soluble  salts  from  hydrates 
containing  considerable  water  of  crystallisation,  and  the  anhydrous  salts, 
dissolve  in  water  with  the  evolution  of  a  large  amount  of  heat.  The 
salts  are  not  poisonous. 

On  the  ionic  hypothesis  the  salts  of  aluminium  are  dissociated  in  aqueous 
solution,  giving  rise  to  a  colourless  cation  AP”  : — 

AlNg^AP-'-t-SX'. 

The  ionic  mobility  of  the  cation,  J  AP”,  is  40‘4  at  18°  C.^  Despite  the  high 
position  occupied  by  aluminium  in  the  electromotive  series  (p.  55),  aluminium 
oxide  is  only  a  weak  basic  oxide  and  aluminium  hydroxide  but  a  feeble  base. 
Accordingly,  in  aqueous  solution,  aluminium  salts  are  appreciably  hydrolysed, 
and  those  derived  from  moderately  strong  acids  give  a  decidedly  acid  reaction. 
A  solution  of  1  gram-molecule  of  aluminium  chloride  or  bromide  in  1000  litres 
of  water  is  hydrolysed  to  the  extent  of  4  per  cent,  at  25°;  while  the  percentage 
hydrolysis  (x)  of  the  chloride  in  aqueous  solution  at  99 '7  varies  with  the 
dilution  (v  litres  per  gram-molecule),  as  follows  : —  ^ 

V  32  64  128  256  512 

a;  8-0  13-2  19'7  28-2  41-4 

Aluminium  hydroxide  is  a  stronger  base  than  ferric  hydroxide,  but  is  weaker 
than  beryllium  hydroxide.  It  is  possible  that,  owing  to  the  transformation 
of  aluminium  hydroxide  into  the  form  of  a  colloidal  hydrosol,  the  degree  of 
hydrolysis  of  aluminium  salts  gives  a  somewhat  exaggerated  idea  of  the 
weakness  of  the  hydroxide  as  a  base. 

Owing  to  the  appreciable  hydrolysis  of  aluminium  salts,  the  soluble  salts 
derived  from  volatile  acids  cannot  be  prepared  in  the  anhydrous  state  by  the 
evaporation  of  their  aqueous  solutions  on  the  steam-bath. 

Aqueous  solutions  of  aluminium  salts  dissolve  an  appreciable  amount  of 
aluminium  hydroxide. 

Thermochemistry  of  Aluminium  Compounds.® — The  heats  of 
formation,  etc.,  of  the  more  important  compounds  of  aluminium  are  given 
in  the  following  table,  in  kilogram-calories : — 

^  A.  Heydweiller,  physical.  Chem.,  1915,  89,  281. 

®  Ley,  Zeitsch.  physikal.  Chem.,  1901,  30,  245  ;  Kablukoifand  Saclianoff,  ibid.,  1909,  69, 
419  ;  Povarnin,  J.  Russ.  Phys.  Chem.  Soe.,  1909,  41,  1014  ;  1910,  42,  207  ;  Wood,  Trans. 
Chem.  Soe.,  1908,93,  ^17;  van  Pelt,  Bull.  Soe.  chim.  Belg.,  1914,  28,  101;  Kullgren, 
Zeitsch.  physikal.  Chem.,  1913,  85,  466. 

®  J.  Thomsen,  Thermochemische  Vntersuchungen{\j&\pzig,  4  vols.,  1882-1886);  Berthelot, 
Thermochimie  2  vols.,  1897);  Ann.  Chim-.  Phys.,  1901,  [vii.],  22,  479  ;  Baud,  ibid., 

1904,  [viii.],  I,  8  ;  T.  W.  Kichards  and  Burgess,  J.  Amer.  Chem.  Soc.,  1910,  32,  431  ; 
T.  W.  Kichards,  Rowe,  and  Burgess,  ibid.,  1910,  32,  1176  ;  Kolia,  Gazzetta,  1915,  45,  i. 
192 ;  Mixter,  Amer.  J,  Sci.,  1915,  [iv.],  39,  295. 
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Compound. 

Heat  of 
Formation. 

Heat  of 
Solution. 

Cals. 

Cals. 

-^^^3  •  •  •  .  , 

249-0 

+  31-3 

A1F3.3'5H20  .... 

1 7 

AICI3 . 

161-4 

+  77-6 

AlBr, . 

122-0 

+  85-3 

AII3  . 

70-3 

+  89-0 

■^^2^3  •  •  .  .  , 

380-2 

A1(0H)3  .... 

297-0 

A12S3  ..... 

126-4 

Al2(804)3  .... 

879-71 

Al2(S04)3.6H20  . 

+  56-0 

Al2(804)3.18H20  . 

+  9-2 

A14C3 . 

244-8 

KA1(804)2.12H20  . 

-ib-0 

(NH4)A1(804)2.12H20  . 

... 

-  9-6 

The  following  data  refer  to  heats  of  reaction  : — 


[AI2O3]  ciyst.  +[Na20] 
[AI2O3]  amorp.  +[Na20] 

[A1]  +  3HC1.20H20 
[A1J  +  3HC1.200H2O 
^[A1(0H)3]  +  HC1  aq. 
i[Al(OH)3]  +  HF  aq. 
i[Al(OH)3] +  4112804  aq. 
2[A1C13]  +  2KNH3) 
2[AlCl3]  +  6(NH3) 
2[AlCl3]  +  10(NH3) 
2[AlCl3]  +  12(NH3) 
2[A1C13]  +  18(NH3) 
2[AlCl3]+(H2S) 

2[A1C13]  +  (S02) 

2[A1C13]  + 2(802) 


+  48-0  Cals. 

2[A1C13]  +  2[KC1] 

+  26-4  Cals. 

+  55-1  ,, 

2[AlCl3]  +  2[NaCl] 

+  11-9  „ 

+  126-0  „ 

2[A1C13]  +  2[NH4C1] 

+  26-5  „ 

+  127-0  ,, 

2[AlCl3]  +  3[NaCl] 

+  15-3  „ 

+  9-2  „ 

2[A1C13]  +  3[KC1] 

+  30-5  ,, 

+  11-7  „ 

2[AlCl3]  +  6[NaClJ 

H-  19'5  ,, 

+  10-5  „ 

2[A1C13]  +  6[KC1] 

+  36-6  ,, 

+  167-5  „ 

2[AlCl3]  +  2[AgCl] 

+  5-0  ,, 

+  245-2  ,, 

2[AlCl3]  +  l-5[CaCL] 

+  9-3  ,, 

+  268-2  „ 

2[AlCl3]  +  l-5[SrCl2'] 

+  8-7  „ 

+  317-9  „ 

2[AlCl3]  +  [BaCl2] 

+  5-3  ,, 

+  9-5  ,, 

2[AlF3]  +  6[NaF] 

+  40-7  „ 

+  9 '5  i< 

2[A1F3]+6[KF] 

+  88-8  ,, 

+  18-3  „ 

+  28-9  ,, 

2[A1F3]  +  7H20 

+  65-0  „ 

Alloys.^— Aluminium  readily  alloys  with  many  other  metals,  and  a  large 
number  of  intermetallic  compounds  have  been  described.  In  general  these 
compounds  have  little  tendency  to  form  continuous  series  of  solid  solutions 
with  one  another  or  with  aluminium,  and,  accordingly,  almost  the  only  alloys 
of  aluminium  of  engineering  value  are  those  which  consist  very  largely  of 
aluminium  and  those  which  contain  but  a  few  per  cent,  of  the  element.^ 

Sodium  and  aluminium  are  not  mutually  soluble,  beyond  perhaps  a  very 
slight  extent,  and  form  no  chemical  compound.^ 

Copper  and  aluminium.  A  number  of  investigations  of  the  system  copper- 
aluminium  have  been  made  by  the  thermal  method,  but  the  results  are 
somewhat  contradictory.  The  compounds  AlgCu,  AlCu,  and  AlCug  have  been 
stated  by  several  observers  to  exist.  The  “  liquidus  ”  curve  has  six  or  seven 
branches,  only  one  of  which  appears  to  correspond  to  the  separation  of  a  pure 
compound,  viz.  AlgCu.  The  other  branches  refer  to  the  separation  of  solid 


1  This  number  includes  tlie  heat  of  solution  of  the  anhydrous  sulphate. 

^  For  a  bibliography,  complete  to  1902,  see  8ack,  Zeitsch.  anorg.  Chem.,  1903,  35,  249. 
For  further  information,  see  Law,  Alloys  (C.  Griffin  &  Co.,  Ltd.,  2nd  ed. ,  1914);  Gulliver, 
Alloys  (C.  Griffin  &  Co.,  Ltd.,  2nd  ed.,  1913). 

®  Law,  Trans.  Faraday  Soc.,  1910,  6,  185. 

*  Mathewson,  Zeitsch,  anorg.  Chem.,  1906,  48,  191. 
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solutions,^  By  a  study  of  the  electrical  properties  of  these  alloys,  Broniewski 
has  confirnaed  the  existence  of  the  compounds  already  mentioned,  and  in 
addition  has  indicated  the  existence  of  another  compound,  AlgCug.^ 

Aluminium-copper  alloys  containing  upwards  of  10  per  cent,  of  aluminium 
have  a  fine  golden-yellow  colour,  do  not  tarnish,  are  practically  non-corrodible 
by  sea-water,  and  are  largely  used  under  the  name  of  aluminium  bronzes. 
The  tensile  strength  reaches  the  value  39  tons  per  sq.  inch  for  the  alloy  with 
10  per  cent,  of  aluminium ;  the  ductility  is  at  a  maximum  with  7  per  cent,  of 
aluminium.  The  light  copper-aluminium  alloys  containing  upwards  of  4  per 
cent,  of  copper  are  also  of  great  value  j  by  rolling  and  drawing,  the  tensile 
strength  of  the  4  per  cent,  alloy  can  he  raised  to  20  tons  per  sq.  inch 
(Carpenter  and  Edwards).  A  few  per  cent,  of  nickel  are  sometimes  added  to 
these  alloys  rich  in  aluminium,  to  obtain  good  rolling  alloys. 

Silver  and  aluminium  alloy  containing  4  per  cent,  of  silver  has  been  used 
in  the  construction  of  balance  beams ;  the  alloy  with  33  per  cent,  has  been 
employed  for  making  tablespoons,  etc.  Two  intermetallic  compounds  are 
known,  AlAgg  and  AlgAgg.  They  form  a  continuous  series  of  solid  solutions 
with  one  another;  the  former  gives  an  incomplete  series  of  solid  solutions 
with  silver,  and  the  latter  an  incomplete  series  with  aluminium.® 

Gold  and  aluminium.  Five  intermetallic  compounds  are  known,  Au^Al, 
AugAlg  or  AujAlg,  AugAl,  AuAl,  and  AuAlg.  The  compounds  AU2AI  and 
AuAlg  are  stable  at  their  melting-points,  and  the  latter  has  a  beautiful  purple 
colour.^ 

Magnesium  and  aluminium.  It  is  difficult  to  study  this  system  by  the 
thermal  method.  The  “liquidus”  appears  to  consist  of  three  branches,  the 
middle  branch  corresponding  to  the  solid  phase  AlgMgg  or  AlgMg^.  This 
middle  branch,  however,  is  extremely  flat.  According  to  Broniewski,  there 
are  two  intermetallic  compounds,  AlMg  and  AlgMgg,  which  form  with  one 
another  a  continuous  series  of  solid  solutions.  The  former  gives  an  incomplete 
series  of  solid  solutions  with  aluminium,  and  the  latter  an  incomplete  series 
with  magnesium.® 

Aluminium  alloys  containing  1-2  per  cent,  of  magnesium  and  a  little 
copper,  nickel,  and  tin  are  largely  used  for  construction  purposes  under  the 
name  of  magnalium  ;  ®  the  alloy  duralumin  contains  0‘5  per  cent,  of  magnesium, 
a  few  per  cent,  of  copper,  iron,  and  manganese,  and  over  90  per  cent,  of 
aluminium. 

1  LeChatelier,  Bull.  Soc.  d'Enc.  p.  find,  nationale,  1895,  [iv.],  10,  569  ;  Guillet,  Compt. 
rend.,  1901,  133,  684  ;  1914,  158,  704  ;  Rev.  Mitallurgie,  1905,  2,  567  ;  Campbell  aud 
Mathews,  J.  Amer.  Ghem.  Soo.,  1902,  24,  253  ;  Campbell,  ibid.,  1904,  26,  1290  ;  Carpenter 
and  Edwards,  Proc.  Inst.  Mech.  Eng.,  1907,  p.  57;  Curry,  J.  Physical  Ghem.,  1907,  ii,  425; 
Curry  and  Woods,  ibid.,  1907,  li,  461;  Gwyer,  Zeitsch.  anorg.  Ghem.,  1908,  57,  113;  Portevin 
and  Arnou,  Compt.  rend.,  1912,  l>;4,  511;  J.  H.  Andrew,  Intern.  Zeitsch.  Metallographie, 
1914,  6,  30. 

Broniewski,  Ann.  Ghim.  Rhys.,  1912,  [viii.],  25,  5.  This  paper  contains  a  useful 
summary  of  work  on  aluminium  alloys,  and  also  the  results  of  investigations  of  the  electrical 
properties  of  alloys  of  aluminium  with  numerous  other  metals. 

®  Broniewski,  loc.  cit.  ;  cf.  Petrenko,  Zeitsch.  anorg.  Ghem.,  1905,  46,  49. 

^  Heycock  and  Neville,  Phil.  Trans.,  1900,  A,  194,  201;  1914,  A,  214,  267;  Trans. 
Ghem.  Soc.,  1898,  73,  714;  Roberts- Austen,  Proc.  Roy.  Soc.,  1892,  50,  367  ;  Matthey, 
ibid.,  1892,  51,  447  ;  Osmond  and  Roberts- Austen,  Phil.  Trans.,  1896,  A,  187,  417. 

®  Broniewski,  loc.  cit.  ;  Grube,  Zeitsch.  anorg.  Ghem.,  1905,  45,  225  ;  Boudouard 
Compt.  rend.,  1901,  132,  1325;  133,  1003;  Wilm,  Mitallurgie,  1911,  8,  225;  Pecheux’ 
Compt.  rend.,  1904,  138,  1501;  Schirmeistcr,  Metall  und  Erz,  1914,  ii,  522. 

®  Eng.  Pat.,  1898,  No.  24,878  ;  Barnett,  J.  Soc.  Ghem.  Ind.,  1905,  24,  832  ;  Klaudy 
Oesterr.  Ghem.  Zeit.,  1899,  2,  636.  ’ 
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Zinc  and  aluminium.  It  has  been  generally  supposed  that  these  metals 
form  two  series  of  solid  solutions,  the  “  liquidus  ”  exhibiting  a  eutectic  point,  but 
Rosenhain  and  Archbutt  have  shown  that  there  are  three  branches  to  the 
liquidus,  a  compound  Al^Zn^  separating  along  the  middle  branch,  which 
covers  the  region  from  5-17  per  cent,  of  aluminium.^  • 

The  alloys  known  as  ziskon  and  zisium  are  zinc-aluminium  alloys,  and 
are  used  for  parts  of  scientific  instruments.  The  alloys  containing  upwards 
of  20  per  cent,  of  zinc  are  valuable  casting  alloys,  largely  used  in  the  motor 
industry.  In  actual  practice,  the  amount  of  zinc  seldom  exceeds  10  per  cent., 
and  2  per  cent,  of  copper  is  added. 

The  zinc-copper-Anmxahim.  alloys  containing  31-27  per  cent,  of  zinc,  68- 
70  per  cent,  of  copper,  and  1—3  per  cent,  of  aluminium,  form  strong  alloys, 
known  commercially  as  aluminium  brasses.^ 

Cadmium  and  aluminium,  when  fused  and  mixed,  form  two  conjugate 
phases,  one  of  aluminium  containing  2  or  3  per  cent,  of  cadmium,  the  other 
of  cadmium  containing  less  than  1  per  cent,  of  aluminium.® 

Mercury  forms,  with  sufficient  aluminium,  a  brittle  solid  amalgam  which 
readily  oxidises  and  decomposes  water,  forming  mercury,  aluminium  hydroxide, 
and  hydrogen.^  Aluminium  is  superficially  amalgamated  when  it  is  im¬ 
mersed  in  mercuric  chloride  solution,  and  when  so  treated  it  rapidly  de¬ 
composes  water.  The  reaction  is  inhibited  to  a  considerable  extent  by  the 
presence  of  a  little  copper  as  impurity  in  the  metal.® 

Calcium  and  aluminium  alloys  have  been  studied,  and  the  compound 
CaAlg  isolated,®’ 


Aluminium  and  the  Fluorine  Group. 

Aluminium  subfluoride,  AlFg,  is  not  known  with  certainty.® 

Aluminium  trifluoride,  AlFg,  is  not  found  in  nature  in  the  anhydrous 
state,  but  the  hydrated  fluoride  occurs  as  the  mineral  fluellite,  AlFg.H^O. 
It  crystallises  in  the  rhombic  system  (bipyramidal ;  a-.h  -.c^  0-770  ;  1 :  1-874) ; 
its  density  is  2-17. 

Aluminium  is  completely  converted  into  the  fluoride  when  heated  in 
fluorine  (Moissan).  The  fluoride  is  also  formed  when  aluminium  ®  or  alumina 

^  Kosenhain  and  Archbutt,  Phil.  Trans.,  1911,  A,  2ii,  315  j  Broniewski,  loc.  eit.  •, 
Shepherd,  J.  Physical  Chem.,  1905,  9,  504;  Pecheux,  Gompt.  rend.,  1904,  138,  1103; 
Smirnoff,  ibid.,  1912,  155,  351 ;  Gautier,  Bull.  Soc.  PBnc.  p.  rind,  nationale,  1896,  [v.],  I, 
1293;  Heycock  and  Neville,  Trans.  Chem.  Soc.,  1897,  yi,  383. 

^  For  an  account  of  these  alloys,  see  Carpenter  and  Edwards,  Intern.  Zeitsch.  Metallo- 
graphie,  1912,  2,  209  ;  Levi-Malvano  and  Marantonio,  Oazzetta,  1911,  41,  i.  282  ;  1912,  42, 
i.  353.  For  aluminium-zinc-magnesium  alloys,  see  Eger,  Intern.  Zeitsch.  MetallograpMe, 
1913,  4,  29, 

®  Wright,  J.  Soc.  Chem.  Ind.,  1892,  II,  492  ;  1894,  13,  1014  ;  Campbell  and  Mathews, 
J.  Amer.  Chem,  Soc.,  1902,  24,  253. 

*  Bailie  and  Fery,  Ann.  Chim.  Phys.,  1889,  [vi.],  17,  246  ;  Biernacki,  Wied.  Annalen, 
1896,  59,  664  ;  Humphreys,  Trans.  Chem.  Soc.,  1896,  69,  1679. 

®  Kohn-Abrest,  Btdl.  Soc.  chim.,  1910,  [iv.],  7>  283  ;  1912,  [iv.],  ii,  570  ;  Kohn-Ahrest 
and  Rivera-Maltes,  Gompt,  rend.,  1912,  154,  1600  ;  Nicolardot,  Bull,  Soc.  chim.,  1912, 
[iv.],  II,  410  ;  see  also  p.  379. 

®  Donski,  Zeitsch.  anorg.  Chem.,  1908,  57> 

’  Oallium- aluminium  alloys  are  mentioned  on  p.  147  ;  thallium-aluminium  alloys  on 
p.  175  ;  cerium- aluminium  alloys  on  p.  147.  See  also  the  subsequent  volumes  of  this  series. 

®  Hampe,  Chem.  Zeit.,  1889,  13,  1 ;  Blackmore,  J.  Soc.  Chem.  Ind.,  1897,  16,  219. 

®  Poulenc,  Ann.  Chim.  Phys.,  1894,  [vii.],  il,  66. 

Brunner,  Pogg.  Annalen,  1856,  98,  488  ;  van  Haagen  &  Smith,  J.  Amer.  Chem.  Soc., 
1911,  33,  1504. 
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is  heated  to  redness  in  hydrogen  flnoride.  Deville,  who  made  an  exhaustive 
study  of  the  fluoride,  obtained  it  first  by  heating  aluminium  in  silicon  fluoride, 
and  afterwards  prepared  it  by  treating  alumina  with  hydrofluoric  acid  and 
subliming  the  product  in  hydrogen  at  a  white  heat.  He  also  obtained  the 
fluoride  by  heating  a  mixture  of  fluorspar  and  alumina  in  a  stream  of 
hydrogen  fluoride,  and  by  fusing  cryolite  with  anhydrous  aluminium  sulphate.^ 
The  impure  fluoride  is  best  purified  by  sublimation  at  1100°. 

Anhydrous  aluminium  fluoride  forms  colourless,  transparent  crystals 
which  are  described  as  rhombohedra,^  but,  according  to  Poulenc,  are  probably 
triclinic.  It  is  exceedingly  refractory,  being  insoluble  in  w'ater  and  un¬ 
attacked  by  alkalies  and  acids,  including  concentrated  sulphuric  acid.  It  may 
be  decomposed  by  prolonged  fusion  with  an  alkali  carbonate. 

When  42  grams  of  basic  aluminium  acetate,  54  grams  of  alumina, 
100  grams  of  water,  and  66  grams  of  40  per  cent,  hydrofluoric  acid  are  mixed 
and  warmed,  complete  solution  results,  and  a  gelatinous,  hydrated  aluminium 
fluoride  separates  on  standing.  If  the  solution  be  somewhat  diluted,  crystals 
of  the  trihydrate,  AIF3.3H2O,  slowly  separate;  if  only  75  grams  of  water  are 
employed  in  the  preparation,  crystals  of  another  hydrate,  2AIF3.I7H2O, 
separate.  The  latter  hydrate  effloresces  in  air,  passing  into  the  former.  The 
monohydrate,  AlFg.H^O)  can  also  be  obtained  in  sparingly  soluble,  silky 
needles,  and  likewise  the  hydrate,  2AlFg.7H20,  which  slowly  changes  to  the 
hexahydrate,  AlFg.bHgO,  on  standing  in  water.^ 

The  hydrate  2AIF3.7H2O  has  been  obtained  by  Baud  in  two  forms.  The 
first,  practically  insoluble  in  water,  is  obtained  by  dissolving  aluminium 
hydroxide  in  aqueous  hydrofluoric  acid  and  evaporating  the  solution  at  1 00° ; 
the  second,  easily  soluble  in  water,  by  concentrating  a  solution  of  aluminium 
hydroxide  in  hydrofluoric  acid  and  adding  twice  its  volume  of  alcohol.  An 
aqueous  solution  of  the  latter  form  is  acid  to  litmus.  The  hydrate  2AIF3.7H2O 
loses  water  at  140°,  leaving  the  hemihydrate  2AIF3.H2O,  which  decomposes 
at  a  bright  red  heat.'^ 

According  to  Deville,  the  compounds  AlFg.SHF,  3AlF3.2HF.5H2O,  and 
2AlF3.HF.5H2O  may  be  prepared.  Aluminium  fluoride  enters  into  the  com¬ 
position  of  a  large  number  of  double  compounds.  With  each  of  the  alkali 
fluorides  it  forms  a  compound  of  the  type  AlFg.3XF  stable  at  its  melting- 
point.  The  melting-points  are  given  by  Puschin  and  Baskov  ®  as  follows  ; — 

Alkali  Metal  ...  Li  Na  K  Rb  Cs 

Melting-point  of  Salt,  °  C.  .  800°  1020°  1035’  985°  823° 

According  to  the  same  authors,  compounds  of  the  type  2AIF3.3XF  are  also 
formed  when  X  =  Na,  K,  or  Rb ;  but  this  conclusion  is  not  justified  from  their 
experiments  and  is  probably  erroneous.  In  the  case  of  the  sodium  aluminium 
fluorides,  the  second  compound  has  the  formula  3AlF3.5NaF,  and  has  no 
melting-point,  but  dissociates  at  723°  into  AlF3.3NaFand  aluminium  fluoride.® 

1  Deville,  Compt.  rend.,  1856,  42,  49  ;  Ann.  Cliim.  Phys.,  1857,  [iii.],  49,  79;  1861, 
[iii.],  61,  383.  For  oilier  methods,  see  Hautefeuille,  ibid.,  1865,  [iv.],  4,  153;  Troost  and 
Hantefeuille,  Oompt.  rend.,  1872,  75,  1819 ;  Friedel,  Bull.  Soc.  chini.,  1874,  21,  241; 
Cossa,  Gazzetta,  1877,  7,  212. 

^  De  Schulten,  Compt.  rend.,  1911,  152,  1261. 

®  Mazzucchelli,  Atti  R.  Accad.  Lincei,  1907,  [v.],  16,  i.  775. 

^  Band,  Ann.  Chim.  Phys.,  1904,  [viii.],  i,  8. 

'  Puschin  and  Baskov,  J.  Russ.  Phys.  Ghevi.  Soc.,  1913,  45,  82;  Zeitsch.  anorq.  Chem. 
1913,  81,  347. 

®  Fedoteev  and  Iljinsky,  Zfii7sc7i.  anorg.  Chem.,  1913,  80,  113. 
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The  equilibrium  diagram,  as  far  as  it  has  been  worked  out,  is  shown  in  fig.  8. 
Calcium  and  aluminium  fluorides  form  no  compound ;  the  eutectic  point 
is  815°  to  820.° 

Hydrated  double  fluorides  of  the  formulae  2AlF3.6KF.7H2O,  2AlF36NaF. 
7H2O,  and  2AlF3.4NH4F.3H2O  are  obtained  as  gelatinous  precipitates  when 
the  requisite  alkali  fluoride  solutions  are  added  to  an  aqueous  solution  of 
Baud's  soluble  hydrate  of  aluminium  fluoride.  They  are  slightly  soluble  in 
water,  100  parts  of  which  dissolve  0‘385  of  the  potassium,  0'352  of  the 
sodium,  and  I'O  of  the  ammonium  compound  at  16°  (Baud,  loc.  cit.).  Berzelius 
has  described  an  insoluble  double  fluoride  AlFg.3NH4F,  and  Petersen  and 
Helmolt  have  prepared  a  soluble  double  fluoride  of  the  same  composition.^ 

_  The  double  fluoride  3AlF3.5NaF  occurs  in  nature  as  the  tetragonal 
mineral  chiolite',  the  compound  AlF3.3NaF  is  found  as  the  TmnexsX  cryolite. 
Cryolite  {i.e.  ice-stone)  occurs  at  Ivigtut,  an  Esquimaux  hamlet  on  the  south¬ 
west  coast  of  Greenland,  in  one  huge  deposit,  contaminated  with  siderite, 
zincblende,  galena,  etc.  Density,  2 ‘96;  hardness,  2 '5;  melting-point,  c. 
1000*.  It  forms  monoclinic  prisms  (holohedral;  a\h:  c  =  0-9662  : 1  :  1-3882, 
^=90°  11')  2  and  at  c.  565°  is  converted  into  a  cubic  modification.  At  16°, 
100  parts  of  water  dissolve  0-034  of  cryolite  (Baud),  but  the  latter  is  appreci¬ 
ably  soluble  in  aqueous  solutions  of  aluminium  salts.  It  is  decomposed  by 
sulphuric  acid.  In  the  purification  of  crude  cryolite,  advantage  is  taken  of 
the  superior  density  of  its  impurities  to  effect  a  first  purification,  and  other 
impurities  are  then  removed  by  means  of  an  electromagnet.  Cryolite  is  used 
as  a  solvent  for  alumina  in  the  process  of  manufacturing  aluminium  (p.  48), 
in  the  preparation  of  opaque  white  glass,  and  of  an  enamel  for  steel.  It  was 
formerly  used  as  raw  material  for  the  Danish  alkali  industry  (see  Vol.  II.), 
and  ha  been  powdered  and  used  by  the  Esquimaux  as  snuff.® 

The  following  double  salts  may  be  prepared  by  dissolving  the  requisite 
hydroxides  in  hydrofluoric  acid  and  evaporating  the  solution  : —  ^ 

AIF3.  ZnFa.THgO  2AIF3.  fiCuFa.  1  AH^O 

.AIF3.2CUF2.IIH2O  AlF3.CuF2.HF.8H2O 

Aluminium  subchloride  has  been  said  to  be  produced  by  heating 
aluminium  trichloride  with  aluminium  in  a  sealed  tube,^  but  the  statement  is 
in  all  probability  erroneous.® 

Aluminium  trichloride,  AlClg,  was  originally  made  by  heating  an 
intimate  mixture  of  alumina  and  carbon  to  redness  in  a  stream  of  chlorine 
(Oersted’s  method).’^  It  may  be  more  readily  prepared  by  heating  aluminium 
in  a  wide  glass  tube  in  a  rapid  current  of  dry  hydrogen  chloride,  or  in  a 
stream  of  chlorine.®  If  it  is  required  to  prepare  the  chloride  from  the  oxide,  a 


1  Petersen,  J.  prakt.  Chem.,  1889,  [ii.],  40,  65;  Helmolt,  Zeitsch.  anorg.  Chem._,  1893, 
3.  115.  On  the  detection  of  sodium  by  precipitation  as  sodium  aluminium  fluoride,  see 
Wilks,  Proc,  Cmnb,  Phil.  Soc.,  1909,  15,  76. 

^  Krenner,  Zeitsch.  Kryst,  Min.,  1885,  10,  526. 

^  See  Halland,  J.  Ind.  Eng.  Chem.,  1911,  3,  63. 

^  Weinlandand  Koppen,  Zeitsch.  anorg.  Chem.,  1899,  22,  266. 

®  Friedel  and  Roux,  Gompt.  rend.,  1885,  lOO,  1191. 

®  Nilson  and  Pettersson,  Trans.  Chem.  Soc.,  1888,  53>  826. 

’  Wohler,  Pogg.  Annalen,  1827,  ii,  116  ;  Liebig,  ibid.,  1830,  18,  43  ;  Bunsen,  ibid., 
1854,  92,  648  ;  Deville,  Compt.  1849,  29,  321 ;  Ann.  Chim.  Phys.,  1855,  [iii.],  43,  11. 

8  Stockhausen  and  Gattermann,  Ber.,  1892,  25,  3521  ;  Nilson  and  Pettersson,  vide 
infra-,  Escales,  Ber.  1897,  30,  1314 Gustavson,  J.  prakt.  Chem.,  1901,  [ii.],  63,  110; 
Kohn-Abrest,  Bull.  Soc.  chim.,  1909,  [iv.],  5,  768, 
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neater  method  than  Oersted’s  is  to  heat  the  oxide  in  a  current  of  chlorine  and 
sulphur  chloride  : —  ^ 

4AI2O3  +  3S2CI2  +  9CI2  =  8AICI3  +  6SO2. 

Instead  of  chlorine  and  sulphur  chloride,  carbon  tetrachloride  vapour  ^  or 
carbonyl  chloride  ®  may  be  used.  A  simple  method  of  preparation  is  said  to 
consist  in  heating  crude  alumina  or  clay  to  redness  in  a  current  of  hydrogen 
chloride  and  carbon  disulphide  vapour,  and  purifying  the  aluminium  chloride 
so  obtained  by  sublimation  over  iron  filings.'^ 

Aluminium  chloride,  purified  by  sublimation  over  aluminium,  forms  white, 
lustrous,  six-sided  plates  which  are  said  by  Seubert  and  Pollard  to  possess 
rhombic  symmetry.  The  slightly  impure  chloride  is  usually  yellow  owing  to 
the  presence  of  a  little  ferric  chloride.  When  slowly  heated,  aluminium  chloride 
sublimes  completely,  but  when  a  mass  of  the  chloride  is  rapidly  heated  it  melts. 
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Fig.  11. — Vapour  density  of  aluminium  chloride.  Results  by  Dumas’  method  shown  x , 
results  by  Victor  Meyer’s  method  shown  *. 


The  sublimation  pressure  of  the  chloride  reaches  one  atmosphere  at  179°  to 
183°;  the  melting-point  at  2'5  atmospheres  pressure  is  190°  to  194°.®  The 
critical  temperature  is  629'5°  C.®  The  vapour  density  of  aluminium  chloride 
has  been  the  subject  of  numerous  researches.  The  results  that  have  been 
obtained  at  atmospheric  pressure  and  different  temperatures  (method  of 
Dumas)  are  shown  by  crosses  in  fig.  11.  The  asterisks  in  the  same  figure 

^  Matignon  and  Bourion,  Compt.  rend.,  1904,  138,  631,  760;  Bourion,  Ann.  Ckim. 
Phys.,  1910,  [viii.],  20,  547.  Alumina  is  not  attacked  by  SOCI2  at  200°  (North  and 
Hageman,  J.  Amer.  Cliem,  Soc.,  1913,  35,  352). 

^  Demar9ay,  Compt.  rend.,  1887,  104,  111;  Quantin,  ibid.,  1888,  106,  1074; 
Camboulives,  ibid.,  1910,  150,  175,  221;  L.  Meyer,  Ber.,  1887,  20,  681. 

®  Chauvenet,  Compt.  rend.,  1911,  152,  87. 

^  Curie,  Chem.  News,  1873,  28,  307.  For  other  methods  of  preparation,  see  Rose,  Pogg. 
Annalen,  1848,  74,  569  ;  Havitsky,  Ber.,  1873,  6,  195  ;  Troost  and  Hautefeuille,  Compt. 
rend,,  1872,  75,  1710,  1819;  Weber,  Pogg.  Annalen,  1857,  lOi,  465;  1858,  103,  259; 
Warren,  Chem.  News,  1887,  55>  192;  Faure,  Compt.  rend.,  1888,  107,  339;  Mabery,  Ber 
1889,  22,  2658. 

®  Friedel  and  Crafts,  Compt.  rend.,  1888,  106,  1764  ;  Seubert  aud  Pollard,  Ber.,  1891 
24,  2575. 

®  Rotinjanz  and  Suchodski,  Zeitsch.  physikal.  Chem.,  1914,  87,  635. 

’  Deville  and  Troost,  Ann.  Chim.  Phys.,  1860,  [iii.],  58,  257;  Nilson  and  Pettersson, 
Oe/vers.  K.  Svenska  Vet.-Akad.  Forhandl.,  1887,  No.  8  ;  Zeitsch.  physikal.  Chem.,  1887  i 
459  ;  Ann.  Chim.  Phys.,  1890,  [vi.],  19,  145;  Friedel  and  Crafts,  loc.  cit.  ;  Friedel  Ann 
Chim.  Phys.,  1890,  [vi.],  19,  171.  ’ 
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represent  the  values  obtained  by  the  method  of  Victor  Meyer,  in  which 
the  partial  pressure  of  the  aluminium  chloride  was  less  than  one  atmosphere, 
but  had  no  definite  value  throughout  a  series  of  experiments.  The  theo¬ 
retical  value  for  AlgClg  is  9-2  (air  =  l),  and  for  AlClg,  4-6.  It  will  be  seen 
that  from  200°  to  400°  the  molecular  formula  is  AlgClg ;  above  400°  the 
dissociation  Al2Clg:^=i2AlCl3  becomes  marked;  and  at  and  above  800°  the 
dissociation  is  complete.  The  specific  heat  of  aluminium  chloride  is  0T88.1 

Aluminium  chloride  dissolves  in  alcohol  and  many  organic  liquids.  In 
pyridine,  ether,  and  in  nitrobenzene  the  molecular  weight  corresponds  with 
the  simple  formula  AlClg.'^ 

Aluminium  chloride  is  extremely  deliquescent  and  fumes  in  the  air.  It 
dissolves  readily  in  water  with  the  evolution  of  much  heat  (p.  61).  An 
aqueous  solution  of  aluminium  chloride  is  readily  obtained  by  dissolving 
aluminium  or  its  hydroxide  in  aqueous  hydrochloric  acid.  A  solution 
containing  40  parts  of  aluminium  chloride  to  100  of  water  has  a  density 
of  1'3415  at  15°.^  The  aqueous  solution  has  an  acid  reaction  and  on  prolonged 
boiling  loses  hydrochloric  acid  and  becomes  turbid.  According  to  Baud, 
a  number  of  definite  basic  chlorides  exist 

The  hexahydrate,  AlClg.GHgO,  separates  out  when  an  aqueous  solution 
of  aluminium  chloride  is  either  slowly  evaporated  ®  or  saturated  with 
hydrogen  chloride.  The  hydrate  forms  deliquescent  rhombohedral  crystals 
(a :  c  =  1 : 0'5356)  of  prismatic  habit  and  does  not  lose  water  in  a  sulphuric 
acid  desiccator.®  Dilute  solutions,  cooled  to  -  8°,  are  said  to  deposit  the 
ennea-hydrate  AlClg. 9H20.'^ 

Aluminium  chloride  enters  into  the  composition  of  a  large  number  of 
double  compounds,  many  of  which  have  been  studied  by  Baud.®  The  following 
compounds  with  metallic  chlorides  are  known  : — 


2AICI3.6KCI 

2AlCl3.2AgCl 

2AlCl3.BaOl2 

2AlCl3.1JSrCl2 

2A10l3.1^CaCl2 

2A10l3.l|ZnCl2 


2AICI3.2NH4CI 

2AICI3.2KCI 

2AlCl3.2NaCl 

2AlCl3.3NaCl 

2AICI3.3KCI 

2AlCl3.6NaCl 


The  compound  AlClg.NaCl  was  formerly  manufactured  for  use  in  the  pre¬ 
paration  of  aluminium.  It  is  not  so  hygroscopic  as  aluminium  chloride, 
melts  at  185°,  and  volatilises  at  a  red  heat.  The  compounds  AlClg.KCl  and 
AlClg.  NH4CI  are  similar. 

The  compound  AlClg.SCl^  has  been  prepared  by  Buff’  and  Plato,  double 
compounds  with  selenium  and  tellurium  tetrachlorides  by  Weber,  and  with 
phosphorus  pentachloride  and  oxychloride  by  Casselmann.® 


1  Baud,  Ann.  Ghim.  Phys.,  1904,  [viii.],  I,  8.  „  ■  ^ 

^  Werner  and  Schmujlow,  Zeitsch.  anorg.  Chem.,  1897,  I5i  24  ;  Beckmann,  Zeitsch. 
physikal.  Chem.,  1903,  46,  860  ;  Kohler,  Amer.  Chem.  J.,  1900,  24,  385,  respectively. 

®  Gerlach,  Zdtseh.  anal.  Chem.',  1869,  8,  250. 

*  Baud,  lou.  at.  See  also  Liechti  and  Suida,  J.  Soc.  Chem.  Ind.,  1883,2,539  ;  lommasi, 
Bull.  Soc.chim.,  1882,  37,  443  ;  Hautefeuille  and  Perrey,  Compt.  rend.,  1885,  100,  1219  ; 
Schluraberger,  Bull.  Soc.  chim.,  1895,  [iii.],  I3)  48. 

®  Bonsdorff,  Pogg.  Annalen,  1833,  27,  279. 

®  Dennis  and  Gill,  Zeitsch.  anorg.  Chem.,  1895,  9,  339. 

’  Lubarski.  Zeitsch.  anorg.  Chem.,  1898,  18,  387. 
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Anhydrous  aluminium  chloride  rapidly  absorbs  dry  ammonia.  At  low 
temperatures  the  compound  AICI3.9NH3  is  formed,  the  dissociation-point  of 
which  is  -  14‘6°.  It  passes  into  the  compound  AICI3.6NH3,  which  is  the 
product  formed  at  the  ordinary  temperature  and  pressure.  At  150°  this 
passes  into  AlClg.6NH3;  at  275°  this  becomes  AlOlg.SNHgj  and  when  this  last 
compound  is  distilled  in  hydrogen,  a  compound  of  the  remarkable  composition 
6AIOI3.7NH3  is  produced  which  may  be  repeatedly  distilled  in  hydrogen 
without  decomposition.!  The  compounds  AICI3.XCI.6NH3  (where  X  =  NH4, 
Na,  or  K)  are  also  known.!  Aluminium  chloride  also  combines  with  phosphine. 

The  compound  AlClg.HgS  can  only  be  obtained  by  the  use  of  liquid 
hydrogen  sulphide.  It  dissociates  at  -  45°  into  hydrogen  sulphide  and  the 
compound  2AICI3.H2S,  which  is  stable  at  the  ordinary  temperature  and 
pressure.  The  compound  AlClg.SOg,  prepared  by  subliming  aluminium 
chloride  in  a  current  of  sulphur  dioxide,  dissociates  at  80°,  giving  rise  to  the 
compound  2AICI3.SO2,  which  can  be  distilled  at  200°.^ 

With  carbonyl  chloride  three  compounds  are  formed,  2AICI3.5COCI2,  melt¬ 
ing  at  -  2°,  2AICI3.3COCI2,  and  4AICI3.COCI2.  The  last  two  compounds  are 
said  to  occur  in  commercial  aluminium  chloride.® 

The  behaviour  of  the  preceding  double  compounds  towards  water  is  such 
as  would  be  expected  from  the  behaviour  of  the  constituent  compounds. 

Aluminium  chloride  combines  with  many  organic  compounds,  such  as  acid 
chlorides,  ketones,  esters,  nitro-compounds,  and  tertiary  amines.  Examples  of 
such  compounds  are  A10l3.(C2H3)20,  AlCl3.CeH5.CO2.C2H5,  AlCl3.N02.CeH^.CH3, 
Al2Clg.2CgH5N02,  the  last  compound  having  a  molecular  weight  in  carbon 
disulphide  solution  corresponding  to  the  formula  here  given.^  In  organic 
chemistry,  anhydrous  aluminium  chloride  is  a  very  valuable  catalytic  agent, 
as,  for  example,  in  the  well-known  Friedel  and  Crafts’  syntheses.® 

Aluminium  tribromide,  AlBrg,  is  most  readily  prepared  by  adding 
aluminium  carefully,  in  small  quantities  at  a  time,  to  bromine,  the  reaction 
being  extremely  vigorous.®  Other  methods  of  preparation  are  to  pass  bromine 
vapour  over  heated  aluminium  or  an  intimate  mixture  of  alumina  and  carbon 
heated  to  redness.’  The  product  should  be  rectified  over  metallic  aluminium. 

Aluminium  tribromide  forms  colourless,  transparent  rhombohedra  of 
density  2'54.  It  melts  at  93°  and  boils  at  263*3°  under  747  mm.  pressure 
(Mallet);  its  critical  temperature  is  772°  C.®  At  444°  and  1  atmosphere 
the  vapour  density  is  18'62,  the  formula  AljBrg  corresponding  to  the 
value  18*42.®  The  specific  heat  of  aluminium  bromide  (22°  to  76°)  is 
0*08912,  and  the  latent  heat  of  fusion  10*47  cals,  per  gram. ;  as  a  cryoscopic 
solvent  the  molecular  depression  of  the  freezing-point  is  262.!°  The  bromide 
is  a  non-electrolyte,  but  dissolves  numerous  halogen  salts  with  the  pro¬ 
duction  of  conducting  solutions.!!  Aluminium  bromide  dissolves  in  alcohol 


^  Baud,  loe.  cit.-,  cf.  Stillman  and  Yoder,  Amer.  Chem.  J.,  1895,  17,  748. 

^  Baud,  loe.  cit. 

^  Baud,  Compt.  rend.,  1905,  140,  1688. 

^  Kohler,  Amer.  Chem.  J.,  1900,  24,  385. 

®  I'riedel  and  Crafts,  Compt.  rend.,  1877,  84,  1392,  1450  ;  85,  74,  672. 

®  Mallet,  Phil.  Trans.,  1880,  171,  1003. 

’  Deville and Troost,  Ann.Chim.  Phtjs.,  1860,  [iii.],  58,  257;  Gustavson, /.  Chem. 

1901,  [ii.  ],  63,  110  ;  Kablukolf,  J,  Russ.  Phys.  Chem.  Soc.,  1908,  40,  485. 

®  Rotinjanz  and  Suchodski,  Zeitsch.  physikal.  Chem.,  1914,  87,  635. 

®  Deville  and  Troost,  loc.  cit. 

Kablukoff,  loc.  cit.',  Isbekoff,  Zeitsch.  anorg.  Chem.,  1913,  84,  24. 

!!  Isbekoff  and  Plotnikoff,  J.  Russ.  Phys.  Chem.  Soc.,  1911,  43,  18. 
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and  many  organic  liquids.  The  moleci^lar  weight  corresponds  to  the  double 
formula  Al2Brg  in  carbon  disulphide  ^  and  in  bromine,^  but  in  nitrobenzene 
it  corresponds  to  the  single  formula  AlBrg.^  From  a  solution  of  aluminium 
bromide  in  ethyl  bromide,  aluminium  can  be  deposited  by  electrolysis,  but 
the  deposited  metal  readily  attacks  the  solvent,  butane  being  produced.^ 

Aluminium  bromide  is  decomposed  when  heated  in  oxygen.  It  is 
extremely  deliquescent  and  dissolves  in  water  with  the  evolution  of  much 
heat.  The  aqueous  solution,  which  may  be  prepared  from  aluminium  or  its 
hydroxide  and  hydrobromic  acid,  reacts  acid  and  becomes  basic  when  boiled. 
The  hexahydrate  AlBrg.GHgO  can  be  prepared  by  methods  corresponding  to 
those  given  for  the  hexahydrate  of  aluminium  chloride  (p.  67)  ;  a  dilute 
aqueous  solution  when  cooled  is  said  to  deposit  the  hydrate  2AlBr3.15H20.^ 

Aluminium  bromide  forms  double  salts  with  the  alkali  bromides,  of  which 
AlBrg.KBr  and  AlBrg.NaBr  have  been  described.®  With  the  tribromides  of 
antimony  and  bismuth  it  forms  solid  solutions.®  It  combines  with  hydrogen 
sulphide,  forming  a  white,  crystalline  compound,  AlBrg.H^S,  which  melts  at 
84°  j  and  with  phosphorus  oxychloride,  forming  a  compound  of  the  molecular 
formula  Al2Brg.2POCl3  in  carbon  disulphide  solution.^  The  compounds 
AlBr3.2Br2.CS.2  and  2AlBr3.2Br2.CS.2  have  also  been  described.®  Like  the 
chloride,  it  combines  with  many  organic  compounds.  The  folio wung  are  the 
molecular  formulae,  in  carbon  disulphide  solution,  of  a  few  such  compounds  : — ^ 

Al2Brg.2CgH3S02Cl,  Al2Brg.2(CgHs)2CO,-  Al2Brg.2CeHgCOCl,  Al2Brg.20gH3N02. 

Aluminium  iodide,  AII3,  may  be  prepared  by  heating  aluminium  with 
iodine  in  a  sealed  tube,  by  passing  iodine  vapour  over  heated  aluminium,  or 
by  adding  aluminium  to  iodine  dissolved  in  carbon  disulphide.®  It  separates 
from  carbon  disulphide  in  colourless  crystals  of  density  2’63,  melts  at  125°, 
and  boils  at  350° ;  its  critical  temperature  is  955°.^®  At  444°  the  vapour 
density  is  27'0  (air  =  I),  the  formula  Alglg  requiring  28'2  (Deville  and  Troost). 
The  vapour  forms  an  exclusive  mixture  with  air.  The  molecular  formula  is 
Algig  in  molten  iodine,^^  and  in  carbon  disulphide  solution. 

Aluminium  iodide  is  very  soluble  in  liquid  ammonia,  ■  from  which  the 
compound  AII3.2ONH3  (?)  may  be  crystallised  at  -33°  C.  At  8-13°  0.  the 
crystals  lose  ammonia  and  leave  the  compound  AlIg.GNHg.^^  liquid 

ammonia  solution  reacts  with  potassium  amide  to  form  a  soluble  aluminium 
ammonobasic  iodide,  Al(NH2)3.All3,  which  crystallises  with  six  molecules  of 
ammonia  at  the  ordinary  temperature  and  about  twenty  at  low  temperatures. 
This  compound  reacts  with  more  potassium  amide  to  produce  an  insoluble 
ammonobasic  iodide,  Al(NH2)3.Al(NH2)2l.NH3,  which  loses  two  molecules  of 
ammonia  at  160° 


1  Kohler,  Amer.  Chem.  J.,  1900,  24,  385. 

2  Beckmann,  Zeitsch.  anorg.  Chem.,  1906,  5I)  96. 

3  Plotnikoff,  J.  Russ.  Rhys.  Chem.  Soc.,  1902,  34,  466  ;  Patten,  J.  Physical  Chem., 
1904,  8,  548. 

*  Panfilloff,  J.  Russ.  Phys.  Chem.  Soc.,  1895,  27,  77. 

6  Weber,  Pogg.  Annalen,  1857,  lOi,  465  ;  1858,  103,  259.  «  Isbekoff,  loc.  cit. 

’’  Plotnikoff,  J.  Russ.  Phys.  Chem.  Soc.,  1913,  45,  1162. 

8  Helle  and  Urech,  Per.,  1882,  15,  273;  Plotnikoff,  J.  Riiss.  Phys.  Chem.  Soc.,  1901, 
33,  429. 

»  Weber,  loc.  cit.  ;  Deville  and  Troost,  Aim.  Chim.  Phys.,  1860,  [iii.],  58,  257  ; 
Gustavson,  Annalen,  1874,  172,  173. 

1®  Rotinjanz  and  Suchodski,  Zeitsch.  physikal.  Chem.,  1914,  87,  635. 

Beckmann,  Zeitsch.  anorg.  Chem.,  1912,  77)  200,  275. 

Franklin,  J.  Amer.  Chem.  Soc.,  1915,  37,  847. 
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Aluminium  iodide  is  very  soluble  in  water;  an  aqueous  solution  can  be 
readily  prepared  from  aluminium  or  its  hydroxide  and  hydriodic  acid.  Like 
the  chloride  and  bromide,  it  forms  a  hexahydrate,  AlIg.SHgO;  it  also  forms 
a  hydrate,  2All3.15H20.^ 

The  double  salts  AlIg.KI,  AlIg.Nal  and  AlIg.HgIg.SHgO  are  known.^ 
Aluminium  chlorate,  A1(C103)3.9H20,  prepared  by  mixing  aluminium 
sulphate  and  barium  chlorate,  removing  the  barium  sulphate,  and  evaporating 
the  cold  solution  over  sulphuric  acid,  is  very  soluble  in  water.  From  a  hot 
solution  it  separates  as  the  hexahydrate.  The  salt  is  easily  decomposed  by 
heat,  and  explodes  when  slowly  heated.® 

Aluminium  perchlorate,  A1  (0104)3.61120,  is  a  colourless,  crystalline 
salt,  soluble  in  water.  Its  aqueous  solution  gives,  with  sodium  perchlorate,  a 
crystalline  precipitate  of  aluminium  sodium  perchlorate,  AlNa(C104)4.12H20.^ 
Aluminium  bromate,  Al(Br03)3.9H20,  is  prepared  like  the  chlorate. 
It  melts  at  62'3°  and  easily  decomposes.® 

Aluminium  periodate,  A1(I04)3.3H20,  crystallises  in  regular  octahedra.® 


Aluminium  and  the  Oxygen  Group. 

Aluminium  suboxide. — The  existence  of  a  suboxide  of  aluminium  has 
been  suspected  by  several  chemists.’’ 

Aluminium  sesqui-oxide  or  alumina,  AlgOg,  is  found  in  the 
crystalline  form  in  nature  as  the  mineral  c<yrundum.  It  crystallises  in 
the  trigonal  system  (ditrigonal  scalenohedral ;  a  :  c  =  I  :  1‘365)®  usually  in 
double,  six-sided  pyramids  and  rhombohedra,  with  the  basal  plane.  It 
is  therefore  isomorphous  with  ferric  and  chromic  oxides.  Hardness,  9 ; 
density,  3’9-4T  ;  lustre,  vitreous.  The  dull  and  opaque  varieties,  or  “common 
corundum,”  occur  in  India,  China,  Siberia,  and  the  United  States,®  and  are 
largely  used  as  abrading  agents.  The  transparent  varieties  are  highly 
valued  as  gem-stones.  Clear,  colourless  stones  are  known  as  white  sapphire ; 
blue  stones  as  sapphire ;  red  stones  as  oriental  ruby ;  yellow  stones  as 
oriental  topaz  or  yellow  sapphire  ;  purple  stones  as  oriental  amethyst ;  and  the 
rare,  green  stones  as  oriental  emerald.  These  coloured  varieties  of  corundum 
are  pleochroic.  Sapphires  are  found  in  Ceylon,  Burma,  Siam,  and  parts  of 
India,  and  in  the  gold-bearing  drifts  of  Victoria  and  New  South  Wales. 
Oriental  rubies  occur  in  Ceylon  and  also  at  Mogok,  Upper  Burma.^’^ 

Impure  granular  or  crystalline  corundum,  associated  with  magnetite, 
tourmaline,  garnet,  etc.,  occurs  in  nature  as  emery.  It  is  obtained  from 


1  Panfilloff,  J.  Euss.  Phys.  Chem.  Soc.,  1895,  27,  77. 

®  "Weber,  loc.  cit.  ;  Duboin,  Compt.  rend,,  1908,  146,  1027. 

3  Dobroserdoff,  J.  Euss.  Phys.  Chem.  Soc.,  1904,  36,  468. 

*  Weinland  and  Ensgraber,  Zeitsch.  anorg.  Chem.,  1913,  84,  368. 

®  Dobroserdoff,  J.  Euss,  Phys.  Chem.  Soc,,  1907,  39,  133. 

®  Eakle,  Zeitsch.  Kryst.  Min.,  1896,  26,  658. 

’  Pionohon,  Compt,  rend.,  1893,  117,  328  ;  Kohn-Abrest,  Bull.  Soc.  chim,,  1904,  [iii.], 
31,  232  ;  Compt.  rend.,  1905,  141,  323  ;  Duboin,  ibid.,  1901,  132,  826. 

“  Melczer,  Zeitsch.  Kryst.  Min.,  1902,  35,  661. 

*  Jenks,  Quart.  J.  Oeol.  Soc,,  1874,  30,  303  ;  Judd  and  Hidden,  Min.  Mag.,  1899,  12 

139  ;  J.  H.  Pratt,  Bull.  U.S.  Oeol.  Survey,  1906,  No.  269.  ’ 

Various  other  red  stones  are  technically  termed  ruby,  e.g.  spinel,  garnet ;  hence  the 
qualification  “  oriental  ”  apj)lied  to  corundum  rubies. 

0.  W.  Brown  and  Judd,  Phil.  Trans.,  1896,  A,  187,  151;  Judd,  Min,  Mag,,,  1895,  ii, 
56  ;  Louis,  ibid,,  1894,  lo,  267. 
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Naxos  in  the  Greek  Archipelago,  Asia  Minor,  and  Massachusetts,  and  is  used 
as  an  abrading  agent. 

Alumina  is  obtained  as  an  amorphous  white  powder  or  gum-like  mass  by 
heating  aluminium  hydroxide  or  the  aluminium  salt  of  a  volatile  oxyacid,  e.g. 
the  nitrate,  sulphate,  etc.  When  molten  alumina  solidifies,  when  alumina 
vapour  condenses  to  the  solid  state  and  when  alumina  separates  from  its 
solution  in  a  suitable  solvent,  it  assumes  the  crystalline  form  and  character¬ 
istics  of  corundum.^  Rhombohedral  crystals  may  be  obtained  by  heating 
amorphous  alumina  with  five  times  its  weight  of  aluminium  sulphide  in  the 
electric  furnace,  and  treating  the  product  with  hydrochloric  acid.^ 

The  crystallisation  of  alumina  has  been  attempted  by  various  chemists  in 
the  hope  of  preparing  rubies  and  sapphires.  The  ruby  owes  its  colour  to  a 
trace  of  chromic  oxide.  The  first  successful  experiments  on  the  production 
of  rubies  on  a  large  scale  were  made  by  Fremy  and  Fell,®  who  fused  equal 
parts  of  alumina  and  litharge,  plus  2  or  3  per  cent,  of  potassium  dichro¬ 
mate,  in  a  fireclay  crucible  at  a  bright  red  heat.  The  product  consisted 
of  a  layer  of  lead  silicate  and  a  vitreous  layer  in  which  crystals  of  ruby 
were  embedded.  Later,  by  replacing  the  litharge  by  barium  fluoride  and 
heating  in  a  glass  furnace,  Fremy  and  Verneuil  obtained  beautiful  rubies, 
which  had  arisen  by  the  action  of  the  furnace  gases  on  aluminium 
fluoride  vapour.^  Loyer  obtained  rubies  by  heating  sodium  aluminate 
(100  pts.)  and  potassium  dichromate  (1  pt.)  to  bright  redness  in  chlorine.® 

At  the  present  time,  rubies  are  manufactured  by  a  process  devised  by 
Verneuil.®  The  material  used  is  powdered  alumina  containing  a  little  chromic 
oxide  (2 '5  per  cent.),  produced  by  precipitating  with  ammonia  a  solution  of 
pure  ammonium  alum  to  which  a  little  chrome  alum  has  been  added,  and 
igniting  the  mixed  hydroxides.  The  powder  is  fed  through  the  oxygen  tube 
of  an  inverted  oxy-coal-gas  blowpipe,  falls  as  a  molten  drop  on  to  the  end 
of  a  small  alumina  rod,  and  crystallises  as  ruby.  As  the  process  is  continued, 
the  ruby  grows  upwards  as  a  pear-shaped  drop  or  “boule.”  These  “boules” 
have  a  density  of  4’01;  although  externally  smooth,  they  have  a  crystalline 
structure  and  differ  from  natural  stones  only  in  one  respect,  viz.,  they  con¬ 
tain  microscopic  air-bubbles  and  fine-curved  internal  streaks.  The  streaks  in 
a  natural  stone  are  straight.'^ 

Sapphires  are  manufactured  from  alumina  to  which  L5  per  cent,  of 
magnetic  iron  oxide  and  0-5  per  cent,  of  titanium  oxide  has  been  added,  the 
mixture  being  fused  and  crystallised  in  an  oxy-hydrogen  reducing  flame,® 
The  introduction  of  cobalt  oxide  into  alumina  can  only  be  effected  in  the 
presence  of  a  third  oxide  such  as  lime.  The  stones  obtained  are  blue,  but 

1  A  second  form  of  alumina  is  sometimes  obtained  when  molten  alumina  is  slowly  cooled, 
particularly  in  the  presence  of  a  little  magnesia.  It  is  hexagonal,  density  3 ‘30.  See 
Kankin  and  Merwin,  J.  Amer.  Chem.  Soc.,  1916,  38,  570. 

2  Houdard,  Compt.  rend.,  1907,  1441  1349. 

®  Fremy  and  Feil,  Compt.  rend.,  1877,  85,  1029  ;  Fhil.  Mag.,  1878,  [v.],  5,  47. 

*  Fr4my  and  Verneuil,  Compt.  rend.,  1887,  104,  737,  738  ;  1888,  106,  565  ;  1890,  III, 
667;  Descloizeaux,  1888,  106,  567. 

®  Loyer,  Bull.  Soe.  chim.,  1897,  [iii.],  17,  345. 

®  Verneuil,  Ann.  Chim.  Phys.,  1904,  [viii.],  3i  20. 

’  For  early  work  on  the  rubv,  see  Gaudin,  Compt.  rend.,  1837,  4,  999  ;  1857,  44,  716 ; 
1869,  60,  1343  ;  Ebelmen,  Ann.  Chim.  Phys.,  1851,  [iii.J,  33,  34  ;  Devilleand  Caron,  iUd., 
1865,  [iv.],  5,  104  ;  Hautefeuille,  ibid.,  1865,  [iv.],  4,  153  ;  Debray,  Compt.  rend.,  1861,  52, 
985  ;  De  Senarmont,  ibid.,  1851,  32,  762  ;  Deville,  ibid.,  1855,  40,  771.  See  also  Friedel, 
Bull.  Soc.  chim.,  1886,  [ii.],  46,  242. 

®  Verneuil,  Compt.  rend..  1910,  ISO,  185. 
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they  are  amorphous,  and  have  not  the  tint  of  sapphire.^  The  analyses  of 
three  natural  sapphires  gave  the  following  results  : —  ^ 


Locality  .  . 

Fe.jOg 

TiO, 


SiOg 

A1,03  (diff.) 


Australia. 

India. 

Montana. 

0-920 

0-72 

0-560 

0-031 

0-04 

0-058 

trace 

nil 

0-100 

It  has  been  shown  that  synthetic  and  natural  sapphires  have  identical 
properties.^ 

About  ten  million  carats  of  rubies  and  six  million  carats  of  sapphires  were 
manufactured  in  1913,  and  the  demand  is  increasing.^ 

Amorphous  alumina  is  a  white  powder,  insoluble  in  water.  The  density 
increases  with  the  temperature  at  which  it  has  been  ignited,  as  follows  ; —  ^ 


Temperature  °  C.  .  .  600°  700°  800°  900°  1200° 

Density  .  .  .  2-82  2-83  3-39  3-53  3-92 


When  slowly  heated  it  undergoes  an  exothermic  change  at  850°,®  and  melts 
at  2010°  to  2050°.’  In  the  electric  furnace  it  melts  and  boils,  and  the  vapour 
condenses  to  the  crystalline  form.®  The  specific  heat  of  ignited  alumina 
increases  with  the  temperature,  as  is  shown  by  the  following  mean  values  : —  ® 


Temp,  interval  °  C.  15°-100°  15°-195°  15* *-315°  15°-420°  15°-510° 
Specific  heat  .  0-2003  0-2195  0-2311  0-2400  0-2464 

Alumina  that  has  been  dried  at  a  low  temperature  is  very  hygroscopic  and 
forms  an  excellent  drying  agent. 

Alumina  is  soluble  in  mineral  acids  unless  it  has  been  strongly  heated 
(above  850°),  when  it  becomes  extremely  refractory.  Calcined  alumina  must 
be  brought  into  solution  by  fusion  with  potassium  hydrogen  sulphate  or 
alkali  hydroxide. 

Alumina  is  unaffected  by  hydrogen  or  chlorine  at  a  red  heat,  but  is 
converted  by  fluorine  into  aluminium  fluoride  and  oxygen.  At  a  red  heat 
it  is  converted  into  the  sulphide  by  carbon  disulphide.  Alumina  is  reduced 
by  carbon  to  the  metal  at  temperatures  above  2000°,^^  i.e.  at  temperatures 
above  which  aluminium  carbide  is  unstable.^^  It  was  shown  by  Moissan  that 
carbon  reduces  alumina  vapour.^® 

Alumina  is  used  in  the  manufacture  of  aluminium ;  for  this  purpose  it  is 
prepared  by  igniting  the  hydroxide,  prepared  from  bauxite  as  described  later 


1  Paris,  Compt.  rend.,  1908,  147,  933  ;  Verneuil,  ibid,,  1908,  147,  1059. 

®  Verneuil,  Compt.  rend.,  1910,  151,  1063. 

®  Moses,  Ainer.  J.  Sci.,  1910,  [iv.]^,  30,  271. 

*  Fora  review  of  the  subject  of  synthetic  stones,  see  Levin,  J,  Ind.  Eng.  Chem.,  1913, 
5,  495. 

®  Mellor  and  Holdoroft,  Trans.  Eng.  Ceramic.  Soc.,  1911,  9,  94. 

®  Le  Chatelier,  Compt.  rend.,  1887,  104,  1517 ;  Bull.  Soc.  chim.,  1887,  [iii.],  47,  300. 

’’  Kanolt,  J.  Washington  Acad.  Sci.,  1912,  2,  337  ;  1913,  3,  315;  Ruff  and  Goecke, 
Zeitsch.  angew.  Chem.,  1911,  24,  1459  ;  Ruff,  Serferheld,  and  Suda,  Zeitsch.  anorg.  Chem., 
1913,  82,  373  ;  Tiede  and  Birnbrauer,  ibid.,  1914,  87,  129. 

®  Moissan,  Compt.  rend.,  1892,  115,  1034. 

®  Tilden,  Trans.  Chem.  Soc.,  1905,  87,  551. 

Johnson,  J.  Amer.  Chem.  Soc.,  1912,  34,  911. 

Hutton  and  Petavel,  Proc.  Boy.  Soc.,  1907,  A,  79,  155. 

Askenasy  and  Lebedeff,  Zeitsch.  Elektrochem. ,  1910,  16,  559. 

Moissan,  Compt,  rend.,  1894,  119,  935  ;  Bull.  Soc.  chim.,  1895,  [iii.],  13,  803, 
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(p.  79).  It  has  been  proposed  to  prepare  it  from  aluminium  nitride, 
manufactured  by  Serpek’s  method  (p.  88).  Another  proposal,  which  may 
possibly  develop  into  a  successful  commercial  method,  is  to  obtain  the 
alumina  from  sodium  aluminate,  itself  manufactured  from  china-clay.^ 

The  porous  alundum  laboratory  utensils  are  composed  mainly  of  alumina. 
Calcined  bauxite  is  fused  in  a  water-cooled  electric  arc  furnace.  The 
impurities  in  the  bauxite  are  to  a  certain  extent  reduced  and  segregate  at 
the  bottom  of  the  fused  mass  as  an  impure  ferrosilicon.  The  cooled  product 
consists  essentially  of  a  large  mass  of  crystalline  alumina.  It  is  crushed, 
mixed  with  a  ceramic  binding  material  (ball-clay  and  felspar),  moulded,  dried, 
and  fired  in  a  porcelain  kiln.^ 

Aluminium  peroxide.— When  excess  of  30  per  cent,  hydrogen  peroxide 
is  added  to  a  solution  of  aluminium  hydroxide  in  50  per  cent,  potassium 
hydroxide,  a  white,  amorphous  precipitate  is  obtained,  of  the  composition 
AI2O3.AI2O4.IOH2O,  which  reacts  as  a  true  peroxide.  Possibly  an  initial 
product  AI2O4  is  formed  and  partly  decomposed  by  the  water.^ 

Aluminium  hydroxides ;  aluminates. — Two  hydrated  oxides  of 
aluminium  are  found  in  nature  in  the  crystalline  state,  namely,  diaspore, 
AI2O3.H2O,  which  occurs  in  orthorhombic  crystals  (holohedral ;  a\h  \c  = 
0'9372  :  1  :  1-6038)  of  density  3-30-3-45,  and  hydrargillite  (or  gihlsite), 
AI2O3.3H2O,  which  occurs  in  fibrous,  monoclinic  crystals  (holohedral ;  a  :b  :c  = 
1*7089  :  1  :  1-9184,  y8  =  85°  29')  of  density  2*42.  The  most  important 
naturally  occurring  hydrated  oxide  of  aluminium,  however,  is  bauxite, 
a  white,  yellowish,  red,  or  brown  clay-like,  amorphous  material  originally 
found  at  Les  Beaux  near  Arles  in  the  south  of  France.  Bauxite  varies 
widely  in  composition,  and  consists  of  amorphous,  colloidal,  hydrated 
alumina  (with  perhaps  a  little  diaspore  and  hydrargillite)  associated  with 
varying  amounts  of  ferric  hydroxide,  clay,  quartz,  sand,  etc.  It  is  therefore 
better  regarded  as  a  rock  than  as  a  mineral.^  Formerly,  bauxite  was 
regarded  as  a  mineral  of  the  formula  AI2O3.2H2O,  but  most  bauxites  more 
nearly  approach  the  ratio  AI2O3  ;  H2O  than  AI2O3  :  2H2O.  ®  Bauxite  is  a  very 
valuable  source  of  aluminium;  it  occurs  mainly  in  the  department  Var 
(France),  in  County  Antrim  (Ireland),  and  in  the  states  of  Alabama, 
Georgia,  and  Arkansas  (America). 

When  excess  of  ammonium  hydroxide  is  added  to  an  aqueous  solution 
of  an  aluminium  salt,  a  precipitate  is  obtained,  white,  opaque,  and  amorphous 
at  100°,  transparent  and  gelatinous  at  ordinary  temperatures.  The  pre¬ 
cipitate  has  a  pronounced  tendency  to  pass  into  colloidal  solution  when 
washed  with  water.  Air-dried  in  hot  weather,  its  composition  ®  corresponds 
to  the  formula  AI2O3.3H2O  or  Al(OH)3 ;  dried  at  100°,  or  at  the  ordinary 


^  Cowles,  J.  Ind,  Eng.  Ghem.)  1913,  5)  331. 

2  0.  B.  Jacobs,  V.S.  Pat,  659,926;  Higgins,  U.S.  Pat,  775,654;  Williamson  and 
Boeck,  J.  Ind.  Eng.  Chem.,  1912,  4,  672.  See  also  the  following  references:  Electrochem. 
Ind.,  1903,  I,  15;  1905,  3,  30,  406;  Electrochem.  and  Metall.  Ind.,  1909,  7,  223;  Min. 
Ind.,  1911,  20,  31. 

2  Terni,  Atti  R.  Accad.  Lincei,  1912,  [v.],  21,  ii.  104. 

^  Bauer,  Jahrh.  Min.,  1898,  ii.  163;  Holland,  Geol.  Mag.,  1903,  59;  Dittler  and 
Doelter,  Zeitsch.  Chem.  Ind.  Kolloide,  1911,  9,  282 ;  Andre  Gautier,  Rev.  gen.  Ghim.  pure 


appl.,  1910,  13,  389. 

®  Arsandaux,  Compt,  rend, 
anal.,  1913,  18,  297. 

®  When  precipitated  from 
basic  sulphate. 


,  1909,  148,  936,  1115  ;  see  also  E.  Martin,  Ann.  Ghim. 
aluminium  sulphate,  the  hydroxide  is  contaminated  with 
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temperature  over  concentrated  sulphuric  acid,  the  composition  is  that  of 
a  dihydrate,  AI2O3.2H2O.  The  amorphous  trihydrate  is  also  obtained  by 
heating  an  alkali  aluminate  with  ammonium  chloride,  or  by  boiling  basic 
aluminium  carbonate  with  water ;  when  an  alkali  aluminate  solution  is 
boiled,  the  trihydrate  slowly  separates  in  a  crystalline  form.^  A  mono¬ 
hydrate,  AI2O3.H2O,  is  said  to  be  obtained  by  heating  amorphous  alumina 
with  water  in  a  closed  tube  to  250°. ^ 

The  amorphous  mono-  and  di-hydrates  are  very  hygroscopic  substances, 
absorbing  water  with  the  formation  of  the  trihydrate  or  normal  aluminium 
hydroxide.  At  a  red  heat  all  the  hydrates  are  converted  into  alumina. 

A  colloidal  solution  of  aluminium  hydroxide  was  obtained  by  Crum  from 
aluminium  acetate  solution.  This  was  heated  to  obtain  a  precipitate  of 
basic  acetate,  and  the  precipitate  dissolved  in  200  times  its  weight  of  boiling 
water.  The  solution  was  then  maintained  at  100°  for  some  days,  when 
complete  hydrolysis  occurred.  The  liquid  was  diluted  and  heated  to  100° 
until  all  the  acetic  acid  had  been  volatilised,  fresh  water  being  added 
from  time  to  time.  A  colourless,  tasteless,  neutral  solution  of  aluminium 
hydroxide  was  thus  obtained,  readily  coagulated  by  salts  and  a  number 
of  acids,  and  the  gel  thus  obtained  dissolving  only  in  concentrated  acids. 
The  solution  did  not  act  as  a  mordant,  and  when  evaporated  at  100°,  left  a 
residue  difficultly  soluble  in  acids.  ^  Graham  obtained  aluminium  hydroxide  in 
colloidal  solution  by  dialysing  a  solution  of  aluminium  chloride  saturated  with 
aluminium  hydroxide.  The  colloidal  solution  so  obtained  acted  as  a  mordant, 
and  was  readily  coagulated  by  acids,  bases,  and  salts  to  a  gel  soluble  in  dilute 
acids.^  Colloidal  aluminium  hydroxide  exhibits  anodic  cataphoresis ;  it  is 
seen  to  be  a  suspension  when  examined  in  the  ultra-microscope.® 

In  the  absence  of  salts,  freshly  precipitated  aluminium  hydroxide  is 
perceptibly  soluble  in  ammonia,  and  much  more  so  in  methyl  amine  and 
other  organic  bases.  ®  It  is  also  readily  soluble  in  acids  and  alkali  hydroxides. 
When  kept  under  water  for  several  months,  it  becomes  difficultly  soluble 
in  acids  and  alkalies,  concentrated  sulphuric  acid  excepted.’’  The  naturally 
occurring  hydroxides  are  not  readily  attacked  by  acids. 

Precipitated  aluminium  hydroxide  assumes  a  bright  red  colour,  not 
destroyed  by  dilute  acetic  acid,  when  boiled  with  water  containing  a  drop 
or  two  of  1  per  cent,  alizarin  solution.  This  test  readily  distinguishes  it 
from  gelatinous  hydrated  silica.  Aluminium  hydroxide  also  forms  soluble 


^  E.  T.  Allen,  Chem.  News,  1900,  82,  75  ;  Allen  and  Rogers,  Amer.  Chem.  J.,  1900,  24, 
304  ;  Carnelley  and  Walker,  Trans.  Chem.  Soc.,  1888,  53,  59;  Bonsdorff,  Pogg,  Annalen, 
1833,  7^,  275  ;  Cossa,  Zeitsch.  fiir  Chem.,  1870,  13,  443;  St  Gilles,  Ann.  Chim.  Phys., 
1856,  [iii.],  46,  68  ;  Lowe,  Zeitsch.  fiir  Chem.,  3,  247  ;  Ditto,  Compt.  rend.,  1893,  116,  183  ; 
De  Schulten,  ibid.,  1896,  122,  1427  ;  cf.  Ramsay,  Trans.  Chem.  Soc.,  1877,  ii.  395  ;  Russ, 
Zeitsch.  anorg.  Chem.,  1904,  41,  216  ;  Sehlumberger,  Bull.  Soc.  chim.,  1895,  [iii.],  13,  41 ; 
Manmen^,  Villiers,  ibid.,  1896,  [iii.],  13,  309. 

®  Mitscherlich,  J.  prakt.  Chem.,  1861,  83,  468  ;  see  also  De  Senarmont,  Compt.  rend., 
1851,  32,  762. 

®  Crum,  Quart.  J.  Chem.  Soc.,  1864,  6,  216  ;  Ann.  Chim.  Phys.,  1854,  [hi.],  41,  185. 

*  Graham,  Phil.  Trans.,  1861,  151,  183 ;  Ann.  Chim.  Phys.,  1862,  [hi.],  65,  175.  See 
also  Sehlumberger,  loc.  cit.;  W.  Biltz,  Ber.,  1902,35,  4431;  Hantzsch  and  Desch,  Annalen, 
1902,  323,  30 ;  A.  Muller,  Zeitsch.  anorg.  Chem.,  1905,  43,  320  ;  1908,  57,  312  ;  Schneider, 
Annalen,  1890,  257.  359  ;  Kawamura,  J.  Coll.  Sci.  Tokyo,  1908,  25,  vhi.  1  ;  Bentley  and 
R.  P.  Rose,  J.  Amer.  Chem.  Soc.,  1913,  35,  1490  ;  Rose,  Kolloid.  Chem.  Beihefte,  1914,  6, 1. 

®  Hildebrand,  J.  Amer.  Chem.  Soc.,  1913,  35,  864. 

®  Renz,  Ber.,  1903,  36,  2751. 

^  Tommasi,  Chem.  Zentr.,  1906,  ii.  605  ;  Chem.  Soc.  Abstr.,  1905,  88,  ii.  712. 
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complex  substances  with  many  organic  hydroxy-compounds.  Further,  it 
enters  into  combination  with  many  organic  colouring  matters,  producing 
coloured,  insoluble  lakes.  Upon  this  property  depends  the  use  of  aluminium 
salts  as  mordants  in  dyeing. 

The  solubility  of  aluminium  hydroxide  in  acids  is  due  to  the  fact  that  it 
acts  as  a  weak  base  and  reacts  with  acids  to  produce  aluminium  salts.  In 
the  same  way,  the  solubility  of  aluminium  hydroxide  in  alkali  hydroxides  is 
attributed  to  the  feeble  acidic  character  of  the  hydroxide.  It  is,  in  fact,  an 
amphoteric  hydroxide.  The  minute  amount  of  aluminium  hydroxide  present 
in  aqueous  solution  in  equilibrium  with  the  solid  phase  must  be  suj^sed  to 
dissociate  in  two  ways  : —  ” 

Al---  -f  30H'^A1(0H)3^H‘  +  H2AIO3'  (or  AlO/  and  H^O). 

The  hydroxide  is  weaker  as  an  acid  than  as  a  base,  and  the  affinity  constant 
for  the  acid  dissociation  represented  above  has  been  estimated  ^  to  be 
approximately  1  x  10“^®,  i.e.  the  acid  is  of  the  same  order  of  strength  as  boric 
acid  and  its  alkali  salts  must  be  perceptibly  hydrolysed  in  aqueous  solution. 

From  solutions  of  aluminium  hydroxide  in  alkali  hydroxides  a  number 
of  solid  substances,  some  of  them  crystalline,  have  been  isolated,  which  must 
be  regarded  as  salts  of  aluminium  hydroxide  (aluminic  acid).  These  salts 
are  called  aluminates,  and  are  mentioned  later  (p.  76).  The  nature  of  the 
solutions  obtained  by  dissolving  aluminium  hydroxide  in  alkali  hydroxides  has 
been  the  subject  of  much  discussion.  The  freezing-point  of  a  dilute  solution 
of  sodium  hydroxide  is  not  changed  by  dissolving  aluminium  hydroxide  in  it. 
This  would  be  expected  if  each  OH'  ion  used  up  leads  to  the  production  of 
one  aluminate  anion,  i.e.  the  result  points  very  clearly  to  the  presence 
of  a  meta-aluminate,  NaAlOj,  in  solution.^  Determinations  of  the  ratio 
AI2O3  :  Na^O  (or  KgO)  in  solutions  saturated  with  aluminium  hydroxide  are  not 
conclusive,  since  the  above  ratio  is  much  greater  when  aluminium  is  dissolved 
in  alkali  than  when  aluminium  hydroxide  is  dissolved.®  Moreover,  unless 
the  atomic  ratio  Na  (or  K)  to  Al  exceeds  the  value  two,  the  solutions  are 
unstable.  The  equivalent  conductivity  gradually  rises,  and  aluminium 
hydroxide  is  slowly  precipitated.*  The  change  in  conductivity  is  in  harmony 
with  the  view  that  the  salt  of  a  monobasic  acid  is  undergoing  hydrolysis. 
Moreover,  no  change  in  conductivity  is  observed  without  the  simultaneous 
deposition  of  aluminium  hydroxide,  so  that  the  latter,  when  produced  by 
hydrolysis,  does  not  first  pass  into  colloidal  solution.  These  results  negative 
the  suggestion  ®  that  while  some  of  the  aluminium  hydroxide  dissolves  in  alkali 
hydroxides  with  the  formation  of  alkali  aluminates,  most  of  the  hydroxide 
merely  passes  into  solution  as  a  colloidal  hydrosol,  which,  on  standing,  slowly 
reverts  either  to  a  crystalloidal  form  or  to  a  colloidal  hydrogel,  and  so 


1  Slade,  Zeitsch.  anorg.  Ghem.,  1912,  77,  467  ;  Blum,  J.  Amer.  Chem.  Soc.,  1913,  35, 
1499  ;  ef.  Wood,  Trans.  Ghem.  Soc.,  1908,  93,  417. 

®  A.  A.  Noyes  and  Whitney,  Zeitsch.  physikal.  Ghem.,  1894,  15,  694. 

®  Zeitsch.  anorg.  Ghem.,  1900,  25,  155;  Russ,  1904,  41,  216;  Allen  and 

Rogers,  Amer.  Ghem.  J.,  1900,  24,  304  ;  Herz,  Zeitsch.  EleUrochem.,  1911,  17,  403  ; 
Slade,  iUd.,  1911,  17,  261  ;  1912,  18,  1. 

«  Hantzsch,- anorg.  Ghem.,  1902,  30,  296;  Russ,  loe.  cit.  ;  Slade  and  Polack, 
vide  infra. 

®  Mahin,  Ingraliam,  and  0.  J.  Stewart,  J,  Amer,  Chem.  Soe.,  1913,  35>  J*  Hilde- 

brand,  J.  Amer.  Ghem.  Soc.,  1913,  35,  864  ;  Blum,  ibid.,  1913,  35,  1499  ;  1914,  36,  2383; 
Mahin,  ibid.,  1914,  36,  2381. 
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precipitates.  A  study  of  the  variation  of  the  hydrogen  ion  concentration 
in  an  aluminium  chloride  solution,  as  sodium  or  potassium  hydroxide  is 
gradually  added  to  the  liquid,  has  been  made  by  Hildebrand  and  by  Blum.^ 
The  general  nature  of  their  results  may  be  seen  by  reference  to  fig.  12  ;  the 
points  A,  B,  C  are  points  of  inflexion  on  the  curve,  and  correspond  respectively 
to  the  commencement  of  precipitation  of  the  hydroxide,  the  completion  of  the 
precipitation,  and  the  completion  of  the  solution  of  the  precipitate  in  sodium 


Fig.  12. — Change  of  hydrogen  ion  concentration  during  precipitation 
of  aluminium  hydroxide  from  aluminium  chloride  and  solution 
of  the  precipitate  in  sodium  hydroxide. 

hydroxide.  It  is  found  that  he  is  one-third  of  ah  ;  i.e.  the  results  point  clearly 
to  the  existence  of  aluminates  NaAlOg  and  KAlOg  in  aqueous  solution : — 

AlClg  -1-  SNaOH  =  Al(OH)3  +  3NaCl 
A1(0H)3  -h  NaOH  =  NaAlOg  -f  2H2O 

$ 

and  are  opposed  to  the  view  that  colloidal  solution  occurs  to  any  appreciable 
extent.  Moreover,  observations  with  the  ultra-microscope  fail  to  indicate  that 
the  solutions  are  suspension-colloids.  ^  The  microscopic  evidence,  however, 
is  not  very  conclusive. 

The  following  hydrated  aluminates  have  been  obtained  in  the  solid  state, 
several  of  them  in  the  crystalline  form,  by  the  interaction  of  aluminium  with 
concentrated  alkali  hydroxides  : —  ^ 


1  J.  Hildebrand,  loc.  cit.  ;  Blum,  loc.  cit. 

^  Slade  and  Polack,  Trans.  Faraday  Soc.,  1914,  10,  150  ;  Hildebrand,  loc,  cit. 

®  Prepared  mainly  by  Allen  and  Rogers,  Amer.  Cheni.  J.,  1900,  24,  304;  see  also 
Hawley,  J.  Amer,  Chem.  Soc.,  1907,  29,  300;  Fr4my,  Ann.  Chim.  Phys.,  1844,  [iii.],  12, 
361  ;  1866,  [iv.],  7,  69  ;  Pelouze,  ibid.,  1851,  [iii.J,  33,  13  ;  Mallard,  ibid.,  1873,  [iv.],  28, 
86  ;  Cavazzi,  Oazzetta,  1885,  15,  202  ;  Beckmann,  J.  prakt.  Chem.,  1882,  [ii.],  26,  385  ; 
Deville,  Compt.  rend.,  1862,  54,  327  ;  Gaudin,  ibid.,  1862,  54,  687. 
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K(A102).1-5H20 

Na(A102).2H20 

LiH(A102)2.6H20 

Ba(A102)2.5H20 
.Sr(A102)2.4H20  ? 


Ca2Al205.7H20 

Ba2Al205.6H20 

Tl^Al205.7H20 


Ca3(A103)2.6H20 

Sr3(A103)2.6H20 

Ba3(A103i7H20 


A  number  of  anhydrous,  crystalline  alluminates 

Magnesia  spinel  or  spinel  ruby  .  , 

Magnesia  iron  spinel  or  pleonaste 

Iron  spinel  or  hercynite 

Zinc  spinel  or  gahnite  .... 


occur  as  minerals ; 

•  Mg(A102)2 
.  (Mg,Fe)(A102)2 
.  Fe(A102)2 
■  Zn(A102)2 


eg\— 


These  four  minerals  crystallise  in  regular  octahedra,  and  are  isomorphous 
with  magnetite^  Fe(Fe02)2,  chromite,  Fe(Cr02)2.  The  mineral  chrysoberyl, 


Fig.  13. — Equilibrium  diagram  for  the  system  lime  -  alumina. 


or  beryllium  aluminate,  Be(A102)2,  is  not  isomorphous  with  the  preceding, 
but  crystallises  in  the  orthorhombic  system  (a  :  6  :  c  =  0‘470  ;  1  : 0'580)  and 
is  isomorphous  with  olivine,  MggSiO^.  Magnesia  spinel  is  often  found  in 
beautiful  red  crystals,  which  are  used  as  gem-stones ;  such  crystals  contain  a 
little  chromic  oxide.  Beautiful  yellowish-green  crystals  of  chrysoberyl,  found 
in  Ceylon,  are  also  used  as  gem-stones.  The  aluminates  of  barium,  calcium, 
beryllium,  magnesium,  zinc,  manganese,  and  cobalt  were  prepared  in  the 
crystalline  form  by  Ebelmen  by  intensely  heating  alumina  and  the  requisite 
oxide  with  boron  sesqui-oxide  until  the  latter  substance,  which  initially  acts  as 
a  solvent,  had  been  largely  volatilised.  ^  The  blue  mass  obtained  in  qualitative 
analysis  when  testing  on  charcoal  for  aluminium  contains  cobalt  aluminate. 


1  Ebelmen,  Ann.  Chim.  Phys.,  1848,  [iii.].  22,  211  ;  1851,  [iii.],  33,  34;  Deville  and 
Caron,  ibid.,  1865,  [iv.],  5,  104  ;  Daubrec,  Compt.  rend.,  1854,  39,  135  ;  Dufau,  J,  Pharm. 
Chim.,  1901,  [vL],  14,  25  ;  Hedvall,  Arlciv.  Kem.  Min.  Geol.,  1914,  5,  No.  6  (Co);  Jaeger 
and  Simek,  Proc,  K,  Akad.  Wetensch.  Amsterdam,  1914,  17,  239,  251  (Li). 
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A  thermal  study  of  the  system  lime  -  alumina  has  shown  that  four 
anhydrous  calcium  aluminates  can  be  obtained,  of  the  formulae  SCaO.AlsOg, 
CaO.AlgOg,  SCaO.SAlgOg,  and  SOaO.bAlgOg.  The  second  and  third  melt 
at  1587°  and  1387°  respectively;  the  others  have  no  melting-point.  The 
third  and  fourth  compounds  are  dimorphous.  ^  The  nature  of  the  equilibrium 
diagram  is  indicated  in  fig.  13.  Only  one  magnesium  aluminate  has  been 
obtained,  namely,  spinel,  MgO.AlgOg.^’  ^ 


Fig.  14. — Projection  of  liquidus  surface  for  the  system  lime  -  silica  -  alumina. 


Tricalcium  aluminate,  3Ca0.Al203,  is  an  important  constituent  of 
Portland  cement  clinker,  which  consists  mainly  (over  90  per  cent.)  of  silica, 
lime,  and  alumina.  Its  constitution  has  long  been  the  subject  of  discussion. 
A  complete  thermal  and  optical  study  of  the  system  lime  -  silica  -  alumina  has 
been  made  by  Rankin  and  Wright,®  and  the  results,  so  far  as  they  bear  on  the 
constitution  of  Portland  cement,  are  shown  in  fig  14.  Considering  only  the 
lime,  silica,  and  alumina  content,  the  variations  in  the  composition  of  the  com¬ 
mercial  cement  are  restricted  to  the  area  ABCD.  It  may  be  deduced  from 
the  diagram  by  aid  of  the  Phase  Rule  that  a  fluid  mass  of  this  composition, 
when  slowly  cooled  until  complete  solidification  has  occurred,  is  converted 


1  Shepherd,  Rankin,  and  Wright,  Amer.  J.  Sci.,  1915,  [iv.],  28,  293. 

Rankin  and  Mervdn,  J.  Amer.  Chem.  Soc.,  1916,  38,  568. 

3  Rankin  and  Wright,  Amer.  J.  Sd.,  1915,  [iv.],  39,  1 ;  cf.  Shepherd,  Rankin,  and 
Wright,  J.  Ind.  Eng.  Chem.,  1911,  3,  211 ;  Rankin,  ibid.,  1915,  7,  466. 
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into  a  mixture  of  tricalcium  silicate,  3Ca0.Si02,  dicalcium  silicate,  2Ca0.Si02, 
and  tricalcium  aluminate,  SCaO.AlgOg. 

Portland  cement  clinker  should  therefore  consist  essentially  of  these  three 
compounds  if,  in  its  manufacture,  the  heating  be  prolonged  for  a  length  of 
time  sufficient  for  equilibrium  to  he  established.  This  deduction  has  been 
verified  by  experiments  carried  out  in  the  laboratories  of  the  United  States 
Bureau  of  Standards.  Since,  however,  complete  equilibrium  is  not  reached 
in  its  manufacture,  the  cement  also  contains  lime,  CaO,  and  the  aluminate 
SCaO.SAlgOg  as  minor  constituents.  The  iron  oxide  contained  in  the 
cement  may  be  present  as  calcium  ferrite  or  magnetite,  or  held  in  solid 
solution  in  the  compounds  2Ca0.Si02  and  5Ca0.2Al203;  the  magnesia  and 
alkalies  are  apparently  held  in  solid  solution  in  the  compounds  2CaO.SiO„ 
and  SCaO.AlgOg.^ 

In  contact  with  water,  the  compounds  CaO.AlgOg,  SCaO.AlgOg,  and 
bCaO.SAloOg  yield  an  amorphous  hydrate,  SCaO.AlgOg.icHgO,  which  in  time 
crystallises ;  except  with  tricalcium  aluminate,  amorphous  aluminium 
hydroxide  is  also  formed.  When  hydrated  with  aqueous  calcium  sulphate  an 
additional  compound,  calcium  “  sulpho-aluminate”  SCaO.AlgOg.SCaSO^.icHgO, 
is  formed,  which  crystallises  in  long  prismatic  needles.^ 

Sodium  aluminate  is  manufactured  from  bauxite,  which  is  roughly 
powdered,  calcined,  and  introduced  into  sodium  hydroxide  solution  of  specific 
gravity  1’45.  The  mixture  is  heated  under  high-pressure  steam  (80  lbs.  per 
sq.  inch),  when  the  alumina  passes  into  solution.  The  liquid  is  passed 
through  a  filter-press,  and  then  through  wood-pulp  to  free  it  from  ferric 
hydroxide,  etc.  Aluminium  hydroxide  is  prepared  from  this  solution  by  stirring 
into  it  a  quantity  of  the  hydroxide  previously  prepared.  On  standing,  the 
greater  part  of  the  aluminium  separates  out  from  the  solution  as  aluminium 
hydroxide.  The  precipitate  is  washed  in  a  filter-press,  and  the  mother  liquor  con¬ 
centrated  and  used  again  for  attacking  more  bauxite.  This  process,  due  to  Bayer, 
has  largely  superseded  the  older  method  of  decomposing  the  sodium  aluminate 
by  passing  carbon  dioxide  through  the  solution. 

Aluminium  sesqui-sulphide,  AlgSg,  was  first  obtained  by  Fremy  by 
heating  alumina  to  redness  in  a  current  of  carbon  disulphide  vapour.  It 
may  be  obtained  by  the  action  of  hydrogen  sulphide  upon  alumina  at  a  red 
heat  or  by  the  action  of  sulphur  on  a  heated  mixture  of  alumina  and  carbon.® 

Aluminium  sulphide  is  readily  prepared  by  heating  alumina  with  galena 
in  a  muffle  furnace,  or  by  the  direct  union  of  its  elements.  The  powdered 
elements  are  mixed  in  a  fireclay  crucible,  heated  till  the  sulphur  fuses,  and 
cooled.  The  reaction  is  then  brought  about  as  in  a  thermit  reaction  by  means 
of  a  firing  powder  ignited  by  a  piece  of  magnesium  ribbon.^  The  sulphide  is 

^  P.  H.  Bates,  Concrete- Cement  Age  {Cement  Mill  Section),  1913,  2,  3  ;  1914,  4,  29,  38; 
1915,  7,  1 ;  A.  A.  Klein  and  A.  J.  Phillips,  Eighth  Inter.  Cong.  Appl.  Chem.,  1912,  5,  73  ; 
cf.  .lanecke,  Zeitsch.  anorg.  Chem.,  1911,  73,  200 ;  1912,  74,  428  ;  76,  357  ;  1914,  89,  355  ; 
1915,  93,  271  ;  and  Kiihl,  Tonind.-Zeit.,  1914,  38,  365,  who  consider  that  a  compound 
8Ca0.Al203.2Si02  exists  in  the  cement. 

2  A.  A.  Klein  and  A.  J.  Phillips,  Tech.  Papers  Bur.  Stand.,  1914,  No,  43  ;  Trans.  Amer. 
Cer.  SoG.,  1914,  16,  313  ;  J.  Wash.  Acad.  Sci.,  1914,  4,  573. 

3  Gautier,  Compt.  rend.,  1906,  143,  7;  Bucherer,  Zeitsch.  angew.  Chem.,  1892,  5,  483. 

Karly  references:  FiAmy,  Ann.  Chim.  Phys.,  1853,  [iii.],  3^>  322;  Sabatiei’,  ibid.,  1881, 
[v.],  22,  88;  Vincent,  Phil.  Mag.,  1857,  [iv.],  14,  127;  Spring,  Ber.,  1883,  16,  1011; 
Reichel,  J.  prakt.  Chem.,  1875,  [ii.],  12,  55;  Stein,  ibid.,  1871,  [ii.],  3,  43;  Knopp  and 
Eboll,  PoZy.  1878,  229,  69,  173.  .  ,  • 

«  Fonzcs-Diacon,  Compt.  rend.,  1900,  130,  1314  ;  W.  Blitz  and  Caspan,  Zeitsch.  anorg. 
Chem.,  1911,  71, 182. 
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purified  by  sublimation  in  vacuo  at  1100°  to  1250°,  or  in  nitrogen  at  1500° 
to  1600°. 

According  to  Biltz  and  Caspari,  aluminium  sulphide  crystallises  in  white, 
asbestos-like  needles  ^  (which  are  possibly  hexagonal)  and  forms  mixed 
crystals  with  alumina.  It  melts  at  1100°  ±10°  audits  density  at  13°  is  2 ‘02. 
Heated  to  2100°  in  an  inert  atmosphere  it  loses  sulphur  and  forms  aluminium 
subsulphide,  AIS  ;  heated  in  air  or  oxygen  it  is  converted  into  alumina 
and  sulphur  dioxide. 

Aluminium  sesqui-sulphide  is  rapidly  and  completely  decomposed  by  water 
with  the  formation  of  aluminium  hydroxide  and  hydrogen  sulphide,  a 
behaviour  in  accordance  with  the  fact  that  it  is  the  salt  of  a  very  weak, 
practically  insoluble  base  and  a  very  weak  acid.  The  decomposition  of  the 
monosulphide  by  hydrochloric  acid  is  represented  by  the  equation : — 

2A1S  -f  6H01  =  2AICI3  -1-  2H2S  -1-  H^. 

By  heating  a  mixture  of  alumina  and  a  carbonate  to  redness  in  a  current 
of  carbon  disulphide  vapour,  the  following  double  sulphides  have  been 
obtained :  ^  potassium-aluminium  sulphide,  SKgS.AlgSg  j  sodium-aluminiwm 
sulphide,  SNagS.AlgSg;  and  barium^,  strontium-,  and  caldum-aluminium 
sulphides.  Aluminium-silver  sulphide,  4Ag2S.5Al2S3,  melts  at  1035°.^ 

Aluminium  selenide,  AlgSeg,  may  be  prepared  from  its  elements  as 
described  for  the  sulphide;  or  by  reducing  lead  sulphate  by  means  of 
aluminium.^  It  is  a  greyish-yellow  solid  of  density  3 '437,  and  is  readily 
decomposed  by  water  with  the  evolution  of  hydrogen  selenide. 

Aluminium  telluride,  AlgTeg,  is  prepared  by  the  direct  union  of  its 
elements.®  It  is  a  grey  solid,  decomposed  by  water  with  the  evolution  of 
hydrogen  telluride,  which,  however,  readily  decomposes. 

Aluminium  sulphite. — Various  basic  salts  have  been  described.®  The 
acid  sulphite  solution  has  been  used  for  purifying  beet  sugar.’’ 

Aluminium  sulphate,  Al2(S04)3,  is  prepared  in  the  anhydrous  state  by 
heating  the  crystalline,  hydrated  salt.  The  latter  melts  in  its  water  of 
crystallisation,  swells  up,  and  eventually  leaves  a  porous,  white  residue  of 
anhydrous  sulphate. 

The  anhydrous  sulphate  has  a  density  of  2‘713  at  17°,  and  its  specific 
heat  (0°  to  100°)  is  0T855.®  At  a  red  heat  it  decomposes,  leaving  a  residue 
of  alumina;  decomposition  becomes  appreciable  at  770°.®  It  dissolves  slowly 
in  water. 

A  solution  of  aluminium  sulphate  is  readily  prepared  by  dissolving 
aluminium  hydroxide  in  dilute  sulphuric  acid.  The  solution  crystallises 
with  difiiculty,  the  hydrate  Al2(S04)3.18H20  being  deposited  in  thin,  six- 


^  Of.  Mourlot,  Compt.  rend.,  1896,  123,  54. 

2  Jaennigen,  Chein,  Zentr.,  1895,  ii.  205. 

®  Cambi,  Atti  E.  Accad.  Lincei,  1912,  [v.],  21,  ii.  837  ;  for  other  double  sulphides,  see 
■Vols.  VII.,  VIII.,  IX.,  or  Houdard,  Oompt.  rend.,  1907,  144,  801,  1114. 

*  Fonzes-Diacon,  loc.  cit. 

^  Fonzes-Diacon,  loc.  cit.  ;  Whitehead,  J.  Amer,  Ohem.  Soc.,  1895,  17,  849. 
Gougginsperg,  Annalen,  1843,  45,  132  ;  Muspratt,  ibid.,  1844,  50,  269  ;  Scutari  and 
Manzoni,  Gazzetta,  1884,  14,  360  ;  Seubert  and  Eltern,  Zcitseh.  anorg.  Chem.,  1893,  4,  44. 

’  HeckeT,  Dingl.  poly.  J.,  1835,  257,  300. 

®.Nilsoii  and  Pettersson,  Ber.,  1880,  13,  1459;  Compt.  rend.,  1880,  01,  232;  c).  Favre 
and  Valson,  ibid.,  1872,  75,  803.  .  .  y  .  .  y 

®  Friederich,  Centr,  Min.,  1912,  pp.  174,  207. 
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sided,  nacreous  plates.  This  hydrate  has  also  been  obtained  in  the  form 
of  tetrahedra.i  At  low  temperatures  the  hydrate  Al2(S04)3.27H20  separates 
in  trigonal  crystals  (a  :  c  =  1  :  0-5408).  Other  hydrates,  with  IGH^O,  I2H2O, 
lOHgO,  9H2O,  6H2O,  SHgO,  and  2H2O  have  been  described.  The  hydrates 
with  9H2O  and  IOH2O  are  said  to  be  precipitated  by  alcohol,  and  to  absorb 
water  from  a  damp  atmosphere,  forming  the  hydrate  with  I8H2O.  The 
hexahydrate  results  from  the  action  of  concentrated  sulphuric  acid  on  the 
hydrate  with  18H20;^  the  trihydrate  forms  regular  tetrahedra.®  The  system 
aluminium  sulphate  -  water  has  not  yet  been  systematically  investigated.^ 

The  hydrate  Al2(S04)3.18H20  is  practically  insoluble  in  alcohol.  Its 
density  is  T69,  and  its  specific  heat  (15°  to  52°)  is  0-353.  As  a  white,  fibrous 
efflorescence  on  shale  and  other  rocks,  this  hydrate  occurs  as  the  mineral 
alunogen. 

Aluminium  sulphate  is  used  in  paper-making,  as  a  mordant,  and  for  the 
precipitation  of  sewage.  The  crude,  very  impure  commercial  preparations 
are  manufactured  by  heating  powdered,  calcined  china-clay  or  bauxite  with 
sulphuric  acid,  the  product  being  caused  to  solidify  into  blocks.  When 
aluminium  sulphate  is  required  free  from  iron  salts  it  is  prepared  from 
aluminium  hydroxide,  made  as  described  previously  (p.  79),  and  sulphuric 
acid.  It  is  impossible  to  separate  ferric  sulphate  from  aluminium  sulphate 
by  crystallisation,  although  the  two  sulphates  form  neither  a  compound  nor 
mixed  crystals ;  but  commercial  aluminium  sulphate  may  be  freed  from  iron 
by  crystallisation  if  the  iron  sulphate  pi-esent  is  reduced  to  the  ferrous  state 
by  hydrogen  sulphide,  sulphuric  acid,  etc.® 

The  acid  sulphate  Al2(S04)3.H2S04.3H20  has  been  prepared  by  Baud,  and 
also  by  Wirth ;  while  Silherberger  has  described  an  acid  sulphate  of  the  com¬ 
position  Al2(S04)3.3H2S04.7H20.®  When  aluminium  sulphate  is  boiled  with 
concentrated  hydrochloric  acid  and  the  liquid  cooled,  crystals  of  aluminium 
chlorosulphate,  AICISO4.6H2O  are  deposited,  which  are  decomposed  by  water.’’ 

About  twenty  different  basic  sulphates  of  aluminium  have  been  described, 
but  beyond  the  statement  that  the  substance  AI2O3.2SO3  and  one  or  two 
hydrates  of  it  are  probably  definite  compounds,  practically  nothing  can  be 
said  about  them.®  A  hydrated  basic  salt  of  the  composition  Al2O3.SO3.9H2O 
occurs  naturally  as  the  mineral  websterite. 

Alums. — Aluminium  sulphate  forms  double  salts  with  the  sulphates  of 
sodium,  potassium,  rubidium,  ccesium,  ammonium,  and  thallium  (thallous 

sulphate),  of  the  type  R2S04.Al2(S04)3.24H20.  These  double  salts  are  called 
alums,  the  salt  Cs2S04.Al2(S04)3.24H20,  for  example,  being  called  caesium 


1  Gawalowski,  Chem.  Zentr.,  1906,  ii.  1236. 

2  Schmatolla,  ZeitscJi.  angew.  Chem.,  1903,  16,  202. 

3  Boutzoureano,  Ann.  Ghim.  Phys.,  1889,  [vi.],  18,  289. 

*  See  Kremann  and  Hiittinger,  Jahrb.  K,  K.  Eeichsanstalt ,  1908,  58,  637. 

6  Wirth  and  Bakke,  Zeitsch.  anorg.  Chem.,  1914,  87,  47  ;  cf.  Wirth,  Zeitsch.  angeio. 
.  Chem.,  1913,  26,  81. 

8  Baud,  Gompt.  rend.,  1903,  137,  492  ;  Wirth,  Zeitsch.  anorg.  Chem.,  1913,  79,  360  ; 


Silberberger,  Monatsh.,  1904,  25,  220. 

’  Kecoura,  Gompt.  rend.,  1902,  135,  736. 

8  For  AI2O3.2SO3  and  hydrates,  see  Spence,  D.R.P.,  167,419  (1903);  Kremann  and 
Hiittinger,  loe.  cit.  Other  references  are:  Mans,  Pogg.  Annalen,  1827,  il,  80  ;  Kammels- 
berg,  Hid.,  1838,  43,  583  ;  Bley,  Annalen,  1854,  89,  174  ;  Bbttinger,  ibid.,  1888,  244,  224  ; 
Lowe,  J.  praki.  Chem.,  1860,  79,  428  ;  Marguerite,  Gompt.  rend.,  1880,  90,  1354  ;  Athana- 
sesco,  ibid.,  1886,  103,  271;  Debray,  Bull.  Soc.  chim.,  1867,  [iij,  7,  9;  Gadumer,  Chem. 
Zentr.,  1895,  ii.  1067;  Pickering,  Trans.  Chem.  Soc.,  1907,  91.  1981. 
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aluminium  alum,  or  simply  ccBsium  alum?-  All  these  salts  are  isomorphous 
with  one  another,  usually  crystallising  in  regular  octahedra  or  combinations  of 
the  octahedron  and  cube.  Further,  isomorphous  series  of  double  sulphates  of 
the  same  type,  E2S04.R2“(S04)3.24H20,  are  known,  in  which  may,  as  before, 
be  Na,  K,  Rb,  Cs,  NH^,  or  Tl,^  but  in  which  R"‘  is  not  Al,  but  Ga,  In,  Or,  Fe, 
V,  Co,  Ti,  Mn,  or  Rh.  All  these  salts  ^  crystallise  in  the  regular  system  in 
crystals  of  octahedral  habit,  and,  like  the  double  aluminium  sulphates,  are 
also  called  alums.  In  naming  one  of  these  alums,  both  metals  must  be 
mentioned,  the  salt  Rb^SO^. 002(804)3.241120,  for  example,  being  called  rubidium 
cobalt  alum,  while  with  an  aluminium  alum  it  is  usual  to  mention  only  the 
univalent  metal  present.  Finally,  analogous  and  isomorphous  double  selenates 
are  known,  and  called  selenium  alums-,  e.g.,  the  salt  Tl2Se04.Cr2(Se04)3.24H20 
is  called  thallium  chromium  selenium  alum-,  and  mixed  alums,  in  which 
one  component  salt  is  a  sulphate  and  the  other  a  selenate,  have  also  been 
prepared.^ 

The  alums  are  described  in  this  series  of  text-books  under  the  heading  of 
the  tervalent  metals  present.  Hence  only  the  aluminium  alums  are  described 
in  this  chapter. 

The  alums  are  readily  prepared  in  the  crystalline  form  by  allowing 
aqueous  solutions  of  the  requisite  sulphates,  mixed  in  the  ratio  of  their 
molecular  weights,  to  evaporate  slowly  at  the  ordinary  temperature.  The 
crystals  which  then  separate  almost  invariably  possess  an  octahedral  habit, 
but  in  the  presence  of  small  quantities  of  foreign  substances,  the  habit  may 
undergo  considerable  modification.®  Thus,  it  has  long  been  known  that 
below  45°,  and  in  the  presence  of  a  trace  of  basic  alum,  potassium  alum 
crystallises  in  cubes  and  not  in  octahedra.®  Moreover,  it  is  an  old  observa¬ 
tion  that  sodium  alum  may  separate  out  in  monoclinic  crystals;'^  but 
according  to  Surgunoff  the  monoclinic  form  (a  :  b  :  c  =  2‘510  :  I  :  0'908, 
/3  =  109°  I')  has  the  formula  Na2S04.Al2(S04)3.22H20  and  separates  from 
supersaturated  solutions  at  temperatures  above  20°.® 

The  densities  of  the  aluminium  alums  at  18°  to  20°,  according  to  the 
careful  determinations  of  Pettersson,  are  as  follows : —  ® 

Alum  .  .  Ha  K  Rb  Cs  NH4  Tl 

Density.  .  1-691  1-751  1-890  1-997  1-642  2-370 


^  Lithium  alum  was  said  by  Kratovaiiszky  to  be  obtained  from  aqueous  solution  when 
crystallisation  takes  place  below  11°  C.  {Schweigger’s  J.,  1828,  54,  349).  Its  existence  was 
denied  by  Rammelsberg  {Pharm.  Gevir.,  1849,  p.  106).  Schreinemaker  and  de  Waal 
{Chem.  Weelcblad.,  1906,  3,  539)  have  shown  that  lithium  alum  does  not  exist  at  30°.  A 
study  of  the  system  Li2S04  -  A!2(S04)3  -  H2O  at  0°  C.  would  probably  prove  of  interest. 

^  The  sulphates  of  hydroxylamine  and  numerous  aliphatic  amines  also  combine  with  the 
sulphates  of  aluminium,  etc.,  to  form  alums. 

®  All  the  possible  combinations  are  not  known.  In  a  small  number  of  cases  the 
attempted  preparation  has  failed,  and  in  other  cases  the  combinations  have  not  been  tried. 

^  Gerichten,  Annalen,  1873,  168,  214. 

®  Weber,  Fogg,  Annalen,  1860,  109,  379  ;  Jannetaz,  Bull.  Soc.  chim.,  1870,  [ii.],  13,  3  ; 
Lecoq  de  Boisbaudran,  BtiU.  Soc.  chim.,  1879,  [ii.],  31,  290  ;  Weyberg,  Chem.  Zentr, 
1910,  ii.  1026. 

®  Fremy  andPelouze  ;  Leblanc  ;  Kopp,  Annalen,  1855,  94,  122  ;  Von  Halier,  Jahresber., 
1866,  p.  181  ;  Loewel,  Ann.  Chim.  Phys.,  1855,  [iii.],  43,  414  ;  Persoz,  Ann.  Chim.  Phys., 
1849,  [iii.],  25,  267  ;  Polis,  Ber.,  1880,  13,  360. 

’’  Soret,  Arch.  Sci.  phys.  nat.,  1884,  [hi.],  Ii,  62. 

®  Surgunoff,  Bull.  Acad,  Sci.  Petrograd,  1909,  p.  1057  ;  Soret  suggested  23H2O. 

®  Pettersson,  Nova  Acta  Soc.  Upsala,  1873,  [hi.],  9,  No.  4  ;  cf.  Spring,  Bull.  Acad.  rov. 
Belg.,  1883,  [iii.],  6,  607. 
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while  the  refractive  indices  for  the  D-line  are  given  by  Soret^  as  follows  : — 

Na  K  Rb  Cs  T1 

1-4388  1-4564  1-4566  1-4586  1-4594  1-4975 

The  solubilities  of  the  alums  ^  are  given  in  the  accompanying  table  : —  ^ 


Tempera¬ 
ture.  °  C. 

Sodium. 

Potassium. 

Rubidium. 

Caesium. 

Ammonium. 

Thallium. 

A. 

B. 

A. 

B. 

A. 

B. 

A. 

B. 

A. 

B. 

A. 

B. 

0 

3-0 

6-66 

0-72 

1-21 

0-21 

0-34 

2-1 

3-9 

3-15 

4-84 

6 

3-5 

6-62 

0-86 

1-48 

0-25 

0-40 

3-5 

6-9 

3-80 

5-86 

10 

36-7 

103-1 

4-0 

7-60 

1-05 

1-81 

0-30 

0-49 

5-0 

9-6 

4-60 

7-12 

15 

38-7 

111-3 

5-0 

9-59 

1-28 

2-20 

0-35 

0-57 

6-3 

12-7 

•  •• 

20 

40-9 

121-4 

5-9 

11-40 

1-50 

2-59 

0-40 

0-65 

7-7 

15-1 

6-40 

10-00 

25 

41-3 

131-8 

7-23 

14-14 

1-80 

3-12 

0-50 

0-81 

9-2 

19-2 

7-60 

11-95 

30 

45-8 

146-3 

8-39 

16-58 

2-20 

3-82 

0-60 

0-97 

10-9 

22-0 

9-38 

14-89 

40 

11-70 

23-83 

3-25 

5-69 

0-85 

1-38 

14-9 

30-9 

14-40 

23-57 

50 

17-00 

36-40 

4-80 

8-50 

1-30 

2-11 

20-1 

44-1 

22-50 

38-41 

60 

24-75 

57-35 

7-40 

13-36 

2-00 

3-27 

26-7 

66-7 

35-36 

65-19 

70 

40-0 

110-5 

12-40 

23-25 

3-20 

5-27 

.  .  . 

... 

•  •• 

80 

71-0 

321-3 

21-60 

43-25 

6-40 

9-01 

..  • 

•  .  • 

.  . 

... 

90 

... 

... 

109-0 

2275-0 

•  •  • 

, 

10-50 

18-11 

•  .  . 

.  . 

.  .  . 

92-5 

119-0 

00 

... 

♦  .  . 

.  . 

95 

... 

... 

... 

109-7 

CO 

100 

... 

... 

22-70 

42-54 

... 

... 

... 

... 

It  will  be  noticed  that  rubidium  and  caesium  alums  are  only  sparingly  soluble 
in  water.  The  alums  are  insoluble  in  alcohol.  They  melt  in  their  water 
of  crystallisation  at  the  following  temperatures  (Locke) ; — 

Alum  .  .  Na  K  Rb  Cs  NH^  T1 

Temp.  °C.  .  63°  91°  109°  122°  95°  91° 

The  alums  are  completely  dehydrated  at  200° ;  information  concerning 
lower  hydrates  is  not  very  definite.^  The  porous  mass  obtained  by  dehydrating 
potassium  alum  is  called  burnt  alum,  and  dissolves  slowly  but  completely  in 
water.  The  ignition  of  pure  ammonium  alum  leaves  a  residue  of  pure  alumina, 
which  is  conveniently  prepared  in  this  manner. 

Aqueous  solutions  of  the  alums  have  an  acid  reaction  and  in  dilute 


1  Soret,  Arch.  Sci,  phys.  not.,  1884,  [iii.],  12,  553  ;  see  also  ibid.,  1885,  [iii.],  13,  5  ;  14, 
96  ;  1888,  20,  520. 

2  A  =  grams  anhydrous  salt  per  100  grams -water  ;  B  =  grams  crystalline,  hydrated  salt  per 
100  grams  (extra)  water.  The  solubility  of  ammonium  alum  is  in  need  of  redetermination. 

3  Poggiale,  Ann.  CMm.  Phys.,  1843,  [iii.],  8,  467  ;  Setterberg,  Annalen,  1882,  21 1,  104  ; 
Locke,  Amer.  Chem.  J.,  1901,  26,  166 ;  Marino,  Gazzetta,  1905,  35,  ii.  351  ;  Earl  of 
Berkeley,  Phil.  Trans.,  1904,  A,  203,  189  ;  W.  R.  Smith,  J.  Amer.  Ghem.  Soc.,  1909,  31, 
245  ;  Wadmore,  Proc.  Chem.  Soc.,  1905,  21,  150;  Hart  and  Huselton,  J.  Amer.  Ghcm.  Soc., 
1914,  36,  2082  ;  Seidell,  Solubilities  (Crosby,  Lockwood  &  Son,  1907),  pp.  13-15. 

^  Brecht  and  Kraut,  Annalen,  1875,  177,  144  ;  Lescceur  and  Mathurin,  Bull.  Soc.  chim., 
1888,  [ii.],  50,  33;  Maumene,  ibid.,  1886,  [ii.],  46,  261,  807  ;  Boissieu,  ibid.,  1887,  [ii.], 
47,  494;  Naumann,  Ber.,  1875,  8,  1630;  1877,  10,  457;  Muller-Erzbach,  Ber.,  1888,  21, 
2222  ;  1889,  22,  3181 ;  Lupton,  Chem.  News,  1874,  30,  272  ;  Favre  and  Valson,  Compt. 
rend.,  1872,  75,  803  ;  Locke,  vide  supra  ;  Earl  of  Berkeley,  vide  supra. 
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solution  behave  as  would  be  expected  of  solutions  of  mixed  sulphates  which 
did  not  interact  to  any  appreciable  extent  to  produce  complexes.^ 

Sodium  alum,  Na2S04.Al2(S04)3.24H20. — The  existence  of  this  alum, 
occasionally  denied,  has  been  proved  by  Wadmore  and  by  W.  E,.  Smith.^  The 
alum  is  extremely  soluble  in  water.  Several  methods  of  preparation  have 
been  patented.®  Sodium  alum  occurs  as  the  mineral  mendozite  in  South 
America  and  Japan.^ 

Potassium  alum,  K2S04.Al2(S04)3.24H20.— This  alum  is  an  article  of 
commerce,  being  used  as  a  mordant,  in  the  production  of  other  aluminium 
mordants,  in  the  manufacture  of  lake  pigments,  in  di’essing  skins  to  produce 
white  leather,  in  sizing  paper,  and  in  the  production  of  fire-proofing  materials. 
To  a  small  extent  it  occurs  naturally,  and  it  is  manufactured  from  aluminium 
sulphate  (prepared  from  bauxite  or  china-clay)  and  potassium  sulphate,  from 
alum-rock  and  from  alum-shale. 

Natural  potassium  alum  occurs  as  fibrous  crystals  or  as  an  efflorescence 
on  aluminous  minerals  at  Whitby,  Campsie,  etc.  At  Solfatara,  near  Naples, 
and  in  the  islands  of  Volcano  and  Milo  it  occurs  in  some  quantity,  and  when 
twice  recrystallised  from  water  furnishes  very  good  alum. 

The  manufacture  of  alum  from  alum-rock  or  alunite  is  an  industry  which 
dates  from  very  early  times.  It  was  introduced  into  Europe  in  the  thirteenth 
century,  and  several  alum  works  were  established  during  the  fifteenth 
century,  notably  the  celebrated  works  at  La  Tolfa  near  Civita  Vecchia.  In 
this  district  the  manufacture  of  the  so-called  Roman  alum  is  still  an  important 
industry,  and  the  alum  prepared  there  has  always  been  highly  valued  on 
account  of  its  purity.  Alunite  may  be  regarded  as  a  double  salt  of  potassium 
sulphate  and  a  basic  aluminium  sulphate,  K2S04.Al2(S04)3.4Al(0H)3.  It  is 
a  mineral  which  occurs  in  large  quantities  at  La  Tolfa,  in  Hungary,  at  Puy- 
de-Sancy  and  Madria  in  Auvergne,  and  in  numerous  other  localities,  having 
been  formed  by  the  action  of  volcanic  gases  upon  felspathic  trachyte.  In 
the  modern  process,  alunite  is  calcined  at  500°  to  1000°  and  the  product 
treated  with  sulphuric  acid.  A  solution  is  thus  obtained  which  deposits  alum 
when  crystallised,  leaving  an  excess  of  aluminium  sulphate  in  the  mother 
liquors.  It  is  usual,  therefore,  before  crystallisation,  to  add  sufficient  potassium 
sulphate  to  enable  all  the  aluminium  sulphate  present  to  be  converted  into 
alum. 

The  production  of  alum  from  alum-shale,  an  industry  of  great  antiquity, 
is  at  the  present  time  only  of  slight  commercial  importance.  Alum-shale  is 
a  kind  of  shale  or  slate  containing  iron  pyrites  disseminated  throughout  its 
mass  in  a  very  finely  divided  state.  On  prolonged  exposure  to  the  weather 
the  pyrites  undergoes  oxidation  and  the  sulphuric  acid  produced  attacks  the 
clay.  The  weathered  product,  when  leached  with  water,  gives  a  solution  con¬ 
taining  aluminium  sulphate  and  other  substances.  It  was  known  to  Agricola 
and  Libavius  that  this  solution  would  not  crystallise  well  unless  an  alkali  had 
been  added  to  it,  and  each  of  these  writers  describes  the  early  practice  of 


^  Graham,  ^?uwiZe?i,  1851,  77,  66;  Marignac,  Ann.  Chim.  Phys.,  1874,  [v.],  2,  546; 
Rudorff,  Bar.,  1888,  21,  4;  Gerlacli,  Zeitsch.  anal.  Cliem.,  1889,  28,  485;  Jones  and 
Mackay,  Amer.  Chem.  J.,  1897,  19,  83;  Parsons  and  Evans,  J.  Atncr.  Chcm.  Soc.,  1910, 
32,  1378. 

2  Wadmore,  Proc.  Chem.  Soc.,  1906,  21,  150  ;  W.  R.  Smith,  J.  Amer.  Chem.  Soc.,  1909, 
31,  245. 

Bag.  Pat,  6650  (1881);  5644  (1900);  D.R.P.,  60,323  ;  141,670. 

^  Divers,  Chem.  News,  1881,  44,  218. 
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adding  decomposed  urine  to  the  solution  to  facilitate  its  crystallisation.  Hence 
the  alum  prepared  must  have  been  mainly  ammonium  alum.  Later,  the 
urine  was  replaced  by  potash  in  the  manufacture  of  alum.  The  fact  that 
alum  contains  two  bases,  alumina  and  potash,  was  discovered  by  Marggrai 
and  emphasised  by  Lavoisier,  but  was  not  generally  accepted  until  1797,  when 
Chaptal  and  Vanquelin  showed  that  potash  was  an  essential  constituent  of 
ordinary  alum,  but  could  be  replaced  by  ammonia,  and  that  alum  could  be 
prepared  from  alunite  without  the  addition  of  potash  because  potash  was 
already  present  in  the  mineral.  It  should  be  mentioned  that  the  presence 
of  potash  in  alum  was  known  to  Bergman  and  Scheele,  but  they  looked  upon 
it  only  as  an  impurity.^ 

The  alum-shales  at  Whitby  have  been  largely  worked  for  alum  since  the 
time  of  Queen  Elizabeth,  though  not  worked  at  the  present  time.  The 
shales  found  in  the  West  Riding  of  Yorkshire,  however,  are  still  utilised  to 
a  small  extent.  Unless  sufficiently  bituminous,  the  shales  are  mixed  with 
fuel  and  slowly  roasted  j  but  some  shales  contain  sufficient  carbonaceous 
matter  to  render  the  addition  of  fuel  unnecessary.  The  roasting  lasts  for  ten 
days,  and  the  temperatiire  never  reaches  a  red  heat.  The  product,  which 
is  light  red,  soft,  and  porous,  is  treated  with  sulphuric  acid  (density,  L35) 
at  110°  in  lead-lined  vessels.  The  solution  of  impure  aluminium  sulphate 
thus  obtained  is  mixed  with  potassium  sulphate  and  rapidly  cooled  with 
stirring  to  produce  small  crystals  of  “alum  meal.”  The  meal  is  draiifed, 
washed  with  mother  liquor  from  “block  alum,”  dissolved  to  form  a  hot, 
saturated  solution,  and  treated  in  leaden  vessels  with  a  little  size,  which  pre¬ 
cipitates  a  quantity  of  insoluble  matter.  The  clear  solution  is  then  run  into 
tubs  fitted  with  movable,  lead-lined  staves.  After  several  days  the  staves 
are  removed  and  a  hole  is  bored  in  each  mass  of  “block  alum”  to  allow  the 
mother  liquor  to  drain  away.  The  “  block  alum  ”  when  broken  up  is  ready 
for  the  market.  When  shale  is  employed  containing  much  iron,  it  is  the 
custom  to  add  potassium  chloride,  either  alone  or  mixed  with  sulphate, 
instead  of  adding  potassium  sulphate  to  the  solution  of  aluminium  sulphate. 
By  this  means  contamination  of  the  alum  with  isomorphous  iron  alum  is 
prevented,  the  iron  remaining  behind  in  solution  as  ferric  chloride.^ 

Potassium  alum  becomes  white  and  opaque  on  the  surface  when  exposed 
to  the  air,  a  change  brought  about  by  the  absorption  of  ammonia  and  formation 
of  a  basic  salt.  When  dried  over  sulphuric  acid  or  heated  to  61°,  alum  loses 
18  molecules  of  water  of  crystallisation. 

When  an  alkali  is  slowly  added  to  a  solution  of  alum,  a  precipitate  is 
produced  which  redissolves  on  stirring  until  a  certain  amount  of  alkali  has 
been  added,  after  which  the  further  addition  of  alkali  leads  to  the  production 
of  a  permanent  precipitate.  The  solution  which  is  on  the  point  of  yielding  a 
permanent  precipitate  is  known  in  commerce  as  neutral  alum,  and  is  used  in 
dyeing,  since  it  readily  gives  up  alumina  to  the  colouring  matter.  When 
heated  to  40°,  a  precipitate  is  produced  the  composition  of  which  may  be 
represented  by  the  formula  K2S04.Al2(S0j3.4Al(0H)g,  i.e.  it  is  identical  in 
composition  with  alunite.  The  precipitate  may  be  obtained  in  the  crystalline 
form  by  heating  the  solution  in  a  sealed  tube  to  230°. 


^  Roscoe  and  Schorlemmer,  A  Treatise  on  Chemistry  (Macmillan  &  Co.,  3rd  ed.,  1907), 
vol.  ii.  p.  720. 

2  Further  details  of  the  manufacture  of  alum  will  be  found  in  Thorpe,  A  Dictionary  of 
Applied  Chemistry  (Longmans  &  Co.,  2nd  ed.,  1912-13),  vol.  i.,  article  “  Aluminiiun.” 
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Crystals  of  alum  having  a  cubic  habit  are  obtained  by  the  crystallisation 
of  an  aqueous  solution  of  the  salt  to  which  a  little  alkali  has  been  added 
(p.  82).  A  study  of  the  crystallisation  of  alum  from  hydrochloric  acid 
solutions  of  different  concentrations,  and  at  various  temperatures,  has 
shown  that  alum  crystals  occasionally  exhibit  the  faces  of  the  pentagonal 
dodecahedron  (210).^ 

Potassium  aluminium  sulphate  octahydrate,  K2S04.Al2(S0^)3.8H20,  sepa¬ 
rates  in  slender  crystals  when  alum  is  melted  in  its  water  ot  crystallisa¬ 
tion  and  the  fused  mass  maintained  at  about  86°.  Analogous  salts  are 
known  containing  indium,  thallium,  and  the  rare  earth  metals  in  the  place 
of  aluminium.^ 

Rubidium  alum,^  Rb2S0^.Al2(S04)3.24H20,  and  caesium  alum,^ 
Cs2S04.Al2(S04)3.24H20,  have  been  prepared  by  several  chemists. 

Ammonium  alum,  (NH4)2S04.Al2(S04)3.24H20,  was  formerly  manu¬ 
factured  in  England  to  a  very  large  extent,  but  at  the  present  time  it  is 
mainly  the  potassium  salt  that  is  prepared.  Commercial  alum  is  often  a 
mixture  of  potassium  and  ammonium  alums.® 

Ammonium  aluminium  sulphate  octahydrate,  (NH4)2S04.Al2(S04)3.8H20, 
may  be  prepared  like  the  corresponding  potassium  salt  (Marino),  or  by 
seeding  a  supersaturated  solution  of  ammonium  alum  with  a  crystal  of  the 
corresponding  thallic  salt,  (NH4)2S04.Tl2(S04)3.8H20.® 

Hydroxylamine  alum,  (NH3.0H)2.S04.Al2(S04)3.24H20,  has  also  been 
prepared.'^ 

Silver  alum,  Ag2S04.Al2(S04)3.24H20,  is  said  to  be  prepared  by  heating 
silver  sulphate  and  aluminium  sulphate,  together  with  a  little  water,  in  a 
sealed  tube,  and  allowing  the  solution  to  cool.®  The  existence  of  this  alum 
is  denied  by  Retgers. 

Pseudo-alums. — A  number  of  double  sulphates  of  the  type 
R”S04.Al2(S04)3.24H20  have  been  described,  namely  the  Fe,  Zn,  Mg,  and  Mn 
salts.  They  are  called  pseudo-alums,  and  are  not  isomorphous  with  ordinary 
alum.  Very  little  is  known  concerning  these  salts,  which  require  to  be  re¬ 
investigated.® 

Aluminium  dithionate,  Al2(S20g)3.18H20,  forms  deliquescent  plates, 
soluble  in  water  and  in  alcohol.  A  double  salt,  Al2(S20e)3.(NH4)2S20g.27H20, 
is  also  known.^® 


1  Zemjatschensky,  Zeitsch.  Kryst.  Min.,  1913,  52,  604 ;  see  also  Scliubnikow,  Bull. 
Acad.  Sci.  I'etrograd,  1913,  p.  817  ;  Weber,  Fogg.  Annalen,  1860,  109,  379  ;  Lecoq  de 
Boisbaudran,  Compt.  rend.,  1879,  88,  360  ;  L.  Wulff,  Zeitsch.  Kryst.  Min.,  1881,  S,  81; 
N.  S.  Kurnakoff,  ibid.,  1881,  5,  591. 

Marino,  Oazzetta,  1905,  35,  ii.  341. 

®  Bunsen,  Fogg.  Annalen,  1863,  119,  1;  Redtenbacher,  J.  prakt.  Chem.,  1865,  94,  442  ; 
Pettersson,  Ber,,  1876,  9,  1561;  Tilden,  Trans.  Chem.  Soc.,  1884,  45,  266;  Setterberg, 
Annalen,  1882,  21 1,  100 ;  Locke,  Amer.  Chem.  J.,  1901,  26,  166  ;  Earl  of  Berkeley,  Fhil. 
'Frans.,  1904,  A,  203,  189. 

■*  The  references  cited  in  the  preceding  footnote,  and  Hart  and  Huselton,  J.  Amer.  Chem. 
Soc.,  1914,  36,  2082. 

®  For  basic  ammonium  aluminium  sulphates,  see  Maus,  Fogg.  Annalen,  1827,  ii,  81 ; 
Riffaut,  Ann.  Chim.  Fhys.,  1821,  16,  359  ;  Stolba,  J.  prakt.  Chem,,  1864,  93,  117. 

®  Piccini  and  Fortini,  Zeitsch.  anorg.  Chem.,  1902,  31,  451. 

’  Meyeringh,  Ber.,  1877,  10,  1946. 

®  Church  and  Northcote,  Chem.  News,  1864,  9,  155. 

®  Klauer,  Annalen,  1835, 14,  261  ;  Rammelsberg,  Fogg.  Annalen,  1838,  43,  399;  Apjohn, 
ibid.,  1838,  44,  472  ;  Froc.  Roy.  Irish  Acad.  1839,  i,  51. 

“  Kliiss,  Annalen,  1888,  246,  179,  284. 
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Alummium  selenite,  Al2(Se03)3.7H20,  is  produced  by  treating  the 
basic  selenite  obtained  from  aluminium  sulphate  and  sodium  selenite 
with  a  dilute  solution  of  selenious  acid.  It  is  sparingly  soluble  in 
water.  Two  acid  selenites  of  the  formulte  2Al2(Se03)3.3H„Se03.9H„0  and 
Al2(Se03)3.3H2Se03.2H20  have  also  been  described.^ 

Aluminium  selenate,  Al2(SeO^)3,  is  formed  by  dissolving  aluminium 
hydroxide  in  selenic  ■  acid  and  heating  to  expel  the  excess  of  acid.  It  is 
soluble  in  water,  but  no  hydrates  have  been  described. 

Aluminium  selenate  forms  double  selenates  with  the  selenates  of  sodium, 
potassium,  rubidium,  caesium,  ammonium,  and  thallium  the  formulae  of  which 

are  of  the  type  R^Se04.Al2(Se04)3.24H20,  i.e.  they  are  selenium  alums  (p.  82). 
They  have  been  examined  by  various  chemists.^  The  densities  of  the  selenium 
alums  are  as  follows  (Pettersson) : — 

Alum  .  .  Na  K  Eb  Cs  .  NH^  •  T1 

Density  .  2-067  2-204  2-134  2-224  1-890  2-503 

Aluminium  chromate. — A  yellow,  flocculent  precipitate  of  basic 
aluminium  chromate,  Al2O3.CrO3.7H2O,  is  produced  by  adding  potassium 
chromate  to  a  solution  of  alum.^ 

Aluminium  molybdate. — A  white,  amorphous  precipitate  of  the 
composition  5Al203.2Mo03.a!H20  is  obtained  by  adding  sodium  molybdate, 
Na2Mo04,  to  a  solution  of  alum.  The  double  salts  Al2(Mo207)3.3X2Mo20^, 
where  X  is  Na,  K,  or  NH^,  are  known  and  possess  22,  20,  and  20  molecules 
of  water  of  crystallisation  respectively.^ 

Aluminium  silicomolybdate,  2Al203.(Si02.12Mo03)3.93H20,  crystal¬ 
lises  in  yellow,  regular  octahedra,  isomorphous  with  the  corresponding 
silicotungstate.® 

Aluminium  tungstate,  Al2W,024.9H20,  is  obtained  as  a  white,  floccu¬ 
lent  precipitate  by  adding  a  solution  of  the  corresponding  sodium  tungstate 
to  an  aqueous  solution  of  an  aluminium  salt.® 

Aluminium  silicotungstate. — This  compound  is  extremely  soluble  in 
water  and  three  hydrates  are  known.  The  hydrate  2Al203(Si02.I2W03)3.93H20 
crystallises  in  regular  octahedra;  the  hydrate  with  87H2O  crystallises  in 
rhombohedra  (a  :  c  =  1  :  2-6653);  and  the  hydrate  with  6OH2O  forms  triclinic 
crystals  (a  :  5  :  c  =  0-8563  :  1  :  1-0658;  a  =  87°  44',  ^  =  105°  11',  -)/  =  91°  48'). 
The  first  two  salts  are  therefore  isomorphous  with  the  corresponding  gallium 
salts  (see  p.  148).'^ 

Aluminium  phosphotungstate,  Al203.P205.18W03,has  been  described 
by  Kehrmann.® 


^  Nilson,  Nora  Acta  Soc.  Vpsala,  1875,  [iii.],  9,  No.  7 ;  Ber,,  1875,  8,  655  ;  Bull.  Soe. 
cMm.,  1875,  [ii.],  23,  494. 

^  Weber,  Fogg.  Annalen,  1859,  108,  615  ;  Wohlwill,  Annalen,  1860,  114,  180 
Pettersson,  Ber.,  1876,  9,  1563  ;  Nova  Acta  Soc.  Upsala,  1873,  [iii.],  9,  No.  4;  Fabre, 
Compt.  rend.,  1887,  105,  114. 

®  Fairrie,  Quart.  J.  Ghem.  Soc.,  1852,  4,  301  ;  Elliot  and  Storer,  Proc.  Amer.  Acad., 
1862,  5,  192. 

^  Struve,  J.  prakt.  Ghem.,  1854,  61,  459;  Gentele,  1860,  81,  414;  Parmentier, 
Compt.  rend.,  1882,  94,  1713. 

®  Copaux,  Ann.  Chim.  Phys.,  1906,  [viii.],  7,  118. 

®  Lotz,  Annalen,  1852,  83,  65  ;  Antbon,  J.  prakt.  Ghem.,  1836,  8,  399  ;  1836,  9,  337. 

Wyrouboff,  Bull.  Soe. /rang.  Min.,  1896,  19,  219  ;  1905,  28,  237. 

®  Kebrmann,  Zeitsch.  anorg.  Ghem.,  1892,  I,  421. 
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Aluminium  and  the  Nitrogen  Group. 

Aluminium  nitride,  AIN. — This  compound,  discovered  by  Mallet,^  may 
be  prepared  by  beating  finely  divided  aluminium  in  nitrogen  at  820*  to  1000°, 
powdering  the  product,  and  reheating  in  the  gas  once  or  twice.^  It  is  pro¬ 
duced  when  aluminium  is  heated  to  700°  in  ammonia,^  and  is  manufactured 
by  heating  a  mixture  of  alumina  and  carbon  in  a  current  of  nitrogen  : — 

AI2O3  -f  30  -H  N2^2A1N  +  300. 

In  Serpek’s  process,  a  mixture  of  crushed  alumina  or  bauxite  and  carbon 
travels  down  an  inclined  rotary  kiln,  drops  into  a  hopper,  and  is  fed  into 
another  rotary  kiln,  a  short  length  of  which  is  maintained  at  1500°  to  1800°. 
Producer  gas  passing  up  to  the  kiln  supplies  the  requisite  nitrogen.  The 
carbon  monoxide  produced  is  burned  and  the  hot  gases  blown  up  the  first 
kiln  to  preheat  the  initial  charge.^ 

As  usually  prepared,  aluminium  nitride  forms  a  grey,  amorphous  solid. 
It  begins  to  sublime,  with  partial  dissociation  into  its  elements,  at  c.  1900°  C.  ; 
the  vapour  condenses  to  colourless,  hexagonal  needles.  It  is  decomposed  by 
water,  slowly  at  0°,  rapidly  at  100°,  aluminium  hydroxide  and  ammonia  being 
produced ;  consequently  it  dissolves  readily  in  alkali  hydroxides. 

Aluminium  phosphide,  AlP,  prepared  from  a  mixture  of  aluminium 
powder  and  red  phosphorus  by  the  thermit  reaction,^  is  a  friable,  yellow  solid 
which  is  decomposed  by  water  with  the  evolution  of  phosphine.  The 
phosphides  AI3P7,  ^5^3)  have  been  described.® 

Aluminium  arsenide,  AlAs,  prepared  like  the  phosphide,  is  a  grey, 
friable  solid,  decomposed  by  water  with  the  evolution  of  arsine.'^ 

Aluminium  nitrate,  A1(N03)3.9H20,  is  prepared  by  dissolving  aluminium 
in  nitrie  acid  of  density  1  ‘42  and  crystallising  the  solution.  It  is  dimorphous,® 
crystallising  in  flat,  orthorhombic  crystals  (a  :  h  ;  c  =  0-8925  :  1  :  1-0202)  or  in 
monoclinic  prisms  {a  '.b  :  c  =  1-1340  ;  1  :  1-9191,  /8  =  131°  36')  isomorphous 
with  the  corresponding  ferric  salt.®  It  melts  at  c.  70°,  and  at  140°  is  com¬ 
pletely  decomposed,  amorphous  aluminium  hydroxide  being  left.^®  The 
aqueous  solution  when  heated  deposits  basic  salts. 


1  Mallet,  Trans.  Chem.  Soc.,  1876,  ii.  349. 

^  Fichter,  ZeHsch.  anorg.  Cfiem.,  1907,  54,  322  ;  Arch.  Sci,  phys.  ndt,  1913,  [iv.],  35, 
369  ;  Fichter  and  Spengel,  Zeitsch.  anorg.  Chem.,  1913,  82,  192  ;  Wolk,  Compt.  rend.,  1910, 
151,  318;  Serpek,  ibid.,  1910,  150,  1620;  Arons,  Chem.  Zentr.,  1899,  ii.  643;  J.  Wolf, 
Zeitsch.  anorg.  Chem.,  1913,  82,  192  ;  1914,  87,  120  ;  Russ,  Zeitsch.  Elektrcchem. ,  1913,  19, 
923  ;  Fichter  and  Oesterheld,  ibid.,  1915,  21,  50. 

“  White  and  Kirschbraun,  J.  Amer.  Chem.  Soc.,  1906,  28,  1343  ;  Sofianopoulos,  Bull. 
Soc.  chim.,  1909,  [iv.],  5,  614;  see  also  Matignon,  Compt.  rend.,  1900,  130,  1390  ;  Franck 
and  Rossel,  ibid.,  1895,  121,  941. 

■*  See  Dony-H6nault,  Gall,  and  Guye,  Principes  et  applications  de  V electrochimie  (Paris 
and  Liege,  1914),  p.  550  ;  Knox,  Fixation  of  Atmospheric  Nitrogen  (Gurney  and  Jackson, 
1914) ;  J.  W.  Richards,  Trans.  Amer.  Electrochem.  Soc.,  1913,  23,  351  ;  J.  Ind.  Eng.  Chem., 
1913,  5,  335  ;  Tucker  and  Read,  Trans.  Amer.  Electrochem.  Soc.,  1912,  22,  57  ;  Met.  Chem. 
Eng.,  1912,  10,  745  ;  Fraenkel,  Zeitsch.  EkUrochem.,  1913,  19,  362  ;  Fraenkel,  Askenasy, 
and  Silbermann,  Chem.  Zeit.,  1913,  37,  334. 

®  Fonzes-Diacon,  Compt.  rend.,  1900,  130,  1314  ;  Matignon,  ibid.,  1900,  130,  1390. 

“  Franck,  Chem.  Zeit.,  1898,  22,  236.  Fonzes-Diacon,  loc.  cit. 

®  Soret,  Arch.  Sci.  phys.  nat.,  1885,  [iii.],  16,  460  ;  Eakle,  Zeitsch.  Knist.  Min.,  1896 
25,  558. 

*  Sur^noff,  Bull.  Acad.  Sci.  Petrograd,  1913,  p.  407. 

Deville,  J.  prakt.  Chem.,  1853,  60,  9  ;  Ann.  Chim.  Phys.,  1853,  [iii.],  38,  5. 

“  Schlumberger,  Bull.  Soc.  chim.,  1895,  [iii.],  13,  48;  Ordway,  Jahresber.,  1858,  p.  111. 
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At  the  ordinary  temperature  nitric  acid  of  density  1’5  transforms  the 
ennea-hydrate  into  the  hexahydrate,  A1(N03)3.6H20,  which  is  then  the  stable 
phase.  The  hexahydrate  often  separates  from  its  solution  in  nitric  acid 
of  density  1’42,  but  it  is  then  metastable  with  respect  to  the  ennea-hydrate.^ 
The  transformation  from  hexa-  to  ennea-hydrate  can  be  made  to  proceed  in 
two  stages,  an  intermediate  hydrate,  2A1(N03)3.15H20  (or  I6H2O?),  being 
formed.^’®  Ditte®  has  described  a  dihydrate,  A1(N03)3.2H20. 

Aluminium  Phosphates. — The  anhydrous  and  hydrated  ortho-,  meta-, 
and  pyro-phosphates  of  aluminium  are  insoluble  in  water.  Anhydrous 
aluminium  orthophosphate,  AlPO^,  formed  by  heating  sodium  aluminate 
and  phosphoric  acid  in  a  sealed  tube  at  250°,  forms  colourless,  hexagonal  prisms 
of  specific  gravity  2'59.^  The  hydrated  orthophosphate  is  obtained  as  a 
gelatinous  precipitate  by  mixing  sodium  phosphate  and  neutral  aluminium 
sulphate  solutions.  It  is  soluble  in  ammonia,  alkali  hydroxides,  and  mineral 
acids,  but  insoluble  in  acetic  acid.® 

When  a  solution  of  aluminium  phosphate  in  an  acid  is  precipitated 
with  ammonia,  a  basic  aluminium  phosphate  is  obtained.  Several  basic 
aluminium  phosphates  occur  in  nature,  e.g.  the  rhombic  mineral  wavellite, 
3AI2O3.2P2O5.I2H2O,  and  turquoise.  Turquoise  (or  calaite)  is  a  basic, 
hydrated  aluminium,  copper,  and  ferrous  phosphate.  It  is  triclinic,®  has  a 
sky-blue  to  greenish  colour,  and  is  used  as  a  gem-stone.  It  occurs  in  Persia, 
Nevada,  Arizona,  California,  and  Colorado. 

Basic  aluminium  arsenite,  AI2O3.AS2O3,  and  aluminium  ortho¬ 
arsenate,  AlAsO^,  have  been  described.'^ 


Aluminium  and  the  Carbon  Group. 

Aluminium  carbide,  AI4C3,  is  prepared  by  heating  fragments  of 
aluminium  with  sugar  carbon  in  a  carbon  crucible  in  the  electric  furnace 
and  rapidly  cooling  the  product.®  It  may  also  be  prepared  by  heating  a 
mixture  of  aluminium  powder  and  carbon  for  twenty  minutes  in  a  Perrot 
furnace  or  over  the  blowpipe ;  or  the  reaction  may  be  started  by  inflaming 
a  mixture  of  aluminium  powder  and  barium  peroxide  on  the  surface. 
Aluminium  carbide  is  also  produced  by  heating  aluminium  with  hexachlor- 


1  Seligman  and  Williams,  Trans.  Chem.  Soc.,  1916,  109,  612. 

2  Salm-Horstmar,  Jahresber.,  1850,  p.  301 ;  Jovitschitsch,  Monatsh.,  1912,  33,  9. 

3  Ditte,  Compt.  rend.,  1879,  89,  643. 

*  De  Schulten,  Compt.  rend.,  1881,  98,  1583. 

6  Kammelsberg,  J.  praJet.  Chem.,  1863,  89,  116  ;  Wittstein  and  Millot,  Compt.  rend., 
1876,  82,  89;  Erlenmeyer,  Annalen,  1878,  194,  196;  Schweitzer,  Ber.,  1870,  3,  310; 
Caven  and  Hill,  J.  Soc.  Chem.  Ind.,  1897,  16,  29.  For  pyrophosphate,  see  Hautefeuille 
and  Margottet,  Compt.  rend.,  1883,  96,  1052,  1142,  1849  ;  Wittstein  and  Millot,  loe.  dt.  ; 
Rose  Poqg.  Annalen,  1849,  76,16;  Schwarzenberg,  Jahresber.,  1847,  p.  348.  or  meta¬ 
phosphate  see  Madrell,  Annalen,  1847,  61,  59  ;  Margottet  and  Hautefeuille,  Compt.  rend., 
1888  106,  135  ;  Johnson,  Ber.,  1889,  22,  976  ;  Warschauer,  Zeitsch.  anorg.  Chem.,  1903,  36, 
137. '  For  acid  phosphates,  see  Erlenmeyer,  loe.  cit.  For  basic  phosphates,  see  Wittstein  and 
Millot,  loc.  cit.-,  Rammelsberg,  Pogg.  Annalen,  1845,  64,  407;  Munroe,  Annalen,  1871, 
159,  278.  Yov  thiophosphates,  see  Friedel,  Bull.  Soc.  chim.,  1894,  [iii.],  Ii,  1057  ;  Ferrand, 
Compt.  rend.,  1896,  122,  886. 

“  Schaller,  J.  Washington  Acad.  Sci.,  1911,  I,  58. 

’  Reichard,  Ber.,  1894,  27,  1019  ;  Goloria.no,  Compt.  rend.,  1886,  103,  273. 

®  Moissan,  Compt.  rend.,  1894,  I19,  16  ;  Fi'iUn)  Trans.  Chem.  Soc.,  1905,  87,  1530  ; 
Askenasy,  Jarkowsky,  and  Waniezek,  Zeitsch.  Elektrochem. ,  1908,  14,  811. 
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benzene  at  225°.^  According  to  Pring,  the  production  of  the  carbide  in  the 
electric  furnace  is  apparently  due  to  the  reaction : — 

6A1  +  SCO  ^  AI4C3  +  AI2O3, 

but  the  elements  aluminium  and  carbon  can  unite  directly,  the  combination 
in  vacuo  becoming  perceptible  at  650°  and  rapid  at  1400°.^ 

Aluminium  carbide,  purified  by  washing  with  a  cold,  concentrated 
solution  of  potassium  hydroxide,  and  then  with  alcohol  and  ether,  forms 
yellow,  rhombohedral  crystals^  of  density  at  2-36.  At  temperatures  between 
400°  and  1400°  aluminium  carbide  is  stable  in  vacuo;  but  above  1400°  it 
dissociates  at  an  appreciable  rate,  and  at  1800°  the  change  is  rapid.  Accord¬ 
ingly,  at  high  temperatures  alumina  is  reduced  by  carbon  with  the  formation 
of  much  free  aluminium,  while  at  lower  temperatures  aluminium  carbide  only 
is  produced.* *  At  temperatures  below  1400°  aluminium  carbide  acts  as  a 
reducing  agent  on  metallic  oxides,  e.g. : — 

AI4C3  H-  12CuO  =  12Cu  +  SCOg  4-  2AI2O3, 

but  at  higher  temperatures  alloys  are  produced,  the  carbon  only  being 
oxidised.  With  metallic  chlorides  it  yields  organometallic  compounds.® 

Aluminium  carbide  is  slowly  but  completely  decomposed  by  water, 
aluminium  hydroxide  and  methane  being  produced  : —  ® 

AI4O3  4- 1 2H2O  =  4A1(0H)3  4-  3CH4. 

Aluminium  carbonate. — The  composition  of  the  precipitate  obtained 
from  solutions  of  an  aluminium  salt  and  an  alkali  carbonate  varies  with  the 
concentrations  of  the  reagents,  nature  of  the  aluminium  salt,  temperature  of 
precipitation,  etc.  The  normal  carbonate  is  never  obtained,  the  precipitates 
being  composed  largely  of  aluminium  hydroxide,  with  smaller  quantities  of 
aluminium  carbonate,  basic  aluminium  salts,  and  alkali  carbonate.'^ 

Aluminium  thiocyanate,  A1(CNS)3,  is  a  soluble  salt,  used  in  dyeing.® 
When  solutions  of  the  requisite  alkali  thiocyanates  are  evaporated  at  the 
ordinary  temperature,  double  salts  of  the  type  M3Al(CNS)g.4H20  (where  M  is 
K,  Na,  or  NH4)  are  obtained  as  colourless,  deliquescent  crystals.® 


1  Matignon,  Ann.  Qhim.  Phys.,  1908,  [viii.],  13,  276  ;  Compt.  rend.,  1907,  145,  676  ; 
Weston  and  Ellis,  Trans.  Faraday  Soe.,  1908,  4,  60  ;  cf.  Franck,  Bidl.  Soe.  ehim.,  1894, 
[iii.],  II,  439  ;  Guntz  and  Masson,  ibid.,  1897,  [iii],  17,  209  ;  Dufau,  Compt.  rend.,  1900, 
131,  541. 

^  Pring,  Trans.  Ghem.  Soc.,  1908,  93,  2107. 

®  De  Schulten,  Compt.  rend.,  1911,  152,  1107. 

*  Askenasy  and  Lebedeff,  Zeitsch.  Elektrochem. ,  1910,  16,  659. 

®  Hilpert,  Ditmar,  and  Griittner,  Ber.,  1913,  46,  3738. 

®  Moissan,  loc.  cit.;  E.  Hauser,  Anal.  Fis.  Quim.,  1913,  II,  317. 

’  Bley,  J.  prakt.  Chem.,  1846,  39,  1  ;  Rose,  Fogg.  Annalen,  1854,  91,  462  ;  Muspratt, 
Annalen,  1849,  ^2,  120;  Langlois,  Ann.  Chim,  Phys.,  1856,  [iii.],  48,  602  ;  Parkman, 
Amer.  J.  Sd.,  1862,  [ii.],  34,  324  ;  Barth,  ibid.,  1880,  202,  372  ;  Urbain  and  Reboul,  ,7. 
Pharm.  Chim.,  1879,  [iv.],  30,  340  ;  Seubert  and  Eltern,  Zeitsch.  anorg.  Chem.,  1893,4, 
44  ;  Day,  Amer.  Chem.  J.,  1898, 19,  707;  Gawalowski,  Chem.  Zerdr.,  1906,  i.  640;  Jourdain, 
Compt.  rend.,  1910,  150,  1602. 

®  Liechti  and  Suida,  J.  Soc.  Chem.  Ind.,  1883,  2,  689;  Hauff,  Ber.,  1888,  21,  327; 
Lauber  and  Haussmann,  Dingl.  Poly.  J.,  1882,  245,  306  ;  G.  Stein,  ibid.,  1883,  250,  36. 

»  Rosenheim  and  Cohn,  Ber.,  1900,  33,  1111.  For  alkali  aluminium  ferrocyanides,  see 
Robinson,  Trans.  Chem.  Soc.,  1909,  95,  1353. 
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Aluminium  oxalate,  ^.12(0204)3.1120,  is  precipitated  when  aqueous 
solutions  of  an  aluminium  salt  and  an-  alkali  oxalate  are  mixed.  It  is 
soluble  in  oxalic  acid. 

When  aluminium  hydroxide  is  dissolved  in  hot,  concentrated  aqueous  solu¬ 
tions  of  the  alkali  acid  oxalates  and  the  solutions  allowed  to  cool,  crystalline 

double  or  complex  oxalates  are  obtained  of  the  type  M’Al(C204)3.a;H20. 
The  salts  are  very  similar  to  the  corresponding  chromic,  ferric,  and  cobaltic 
double  oxalates,  and  salts  having  the  same  number  of  molecules  of  water  of 
crystallisation  are  isomorphous.  The  salts  M’M’". (0204)3. SHgO,  for  instance, 
are  all  monoclinic : — 


ale 

K.Al  salt  0-9994  :  1  :  0-3951  ;  92°  51' 

Rb.Al  „  1-0188  :  1  :  0-4049  ;  95°  2' 

NH4.AI  „  0-9971  :  1  :  0-3915  ;  92°  26' 

Tl.Al  „  0-9730  :  1  :  0-4128  ;  93°  39' 

K.Cr  „  1-0060  :  1  :  1-3989  ;  94°  0' 

Rb.Cr  „  1-0221  :  1  :  0  3963  ;  92°  25' 

NH4.Cr  „  0-9830  :  1  ;  0-3870  ;  95°  18' 

K.Fe  „  0-9918  ;  1  :  0-3896  ;  94°  15' 

Rb.Fe  „  1-0106  ;  1  :  0-4004  ;  95°  12' 

NH4.Fe  „  0-9959  :  1  :  0-3932  ;  92°  15' 

Tl.Fe  „  0-9601  ;  1  :  0-4115  ;  94°  5' 

NH4.C0  „  1-0017  :  1  :  0-3929  ;  92°  44' 


The  following  are  also  isomorphous  groups  of  salts  : — ^ 


Na3Al(C204)3.5H20 

Na3Cr(C204)3.6H20 

Na3Fe(C204)3.5H20 

Na3Co(C204)3.5H20 

(monoclinic) 


Li3Al(C204)3.6H20 

Li3Cr(0204)3.6H20 

Li3Co(C204)3.6H20 

(triclinic) 


Na3(NH4)3Al2(C204)3.7H20 

]Sra3Rb3Cr2(C204)6.7H20 

Na3(NH4)3Cr2(C204)3.7H20 

Na3(NH4)3Fe2(C204)3.7H20 

(monoclinic) 


Aluminium  alkyls. — These  compounds  may  be  prepared  by  heating 
mercury  alkyls  with  aluminium  in  a  sealed  tube  at  100°.  They  are  colour¬ 
less  liquids  which  are  decomposed  by  water.^ 

Aluminium  methyl,  A1(CH3)3,  freezes  at  c.  0°  and  boils  at  140°. 
Aluminium  ethyl,  Al(02Hg)3,  boils  at  194°.  Aluminium  propyl  boils 
at  248°  to  252°.  Aluminium  isobutyl  and  aluminium  isoamyl  are 
also  known. 

At  temperatures  only  slightly  higher  than  their  boiling-points,  aluminium 
methyl  and  aluminium  ethyl  consist  almost  exclusively  of  double  molecules 
Al2(CH3)g  and  Al2(C2H5)g.  The  vapour  densities  diminish  rapidly  with  rise 
of  temperature,  but  it  is  not  possible  to  state  definitely  to  what  extent 
this  diminution  is  to  be  attributed  to  the  dissociation  Al2(Alk.)g;^=^2Al(Alk.)3, 
since  it  appears  probable  that  decomposition  also  commences.  In  ethylene 


1  See  WyroubofF,  £ulL  Soc.  /rang.  Min,,  1900,  23,  65  ;  Copaux,  Ann.  Chim.  Phys., 
1905,  [viii.],  6,  568  ;  Stortenbeker,  Eee.  trav.  chim.,  1913,  63,  121;  Rosenheim  and  Cohn, 
Zeitsch.  anorg.  Chem.,  1896,  ii,  175;  Rosenheim  and  Platscli,  1899,  21,  1;  Lbwenstein, 
ibid.,  1909,  63.  121.  Early  references  to  aluminium  oxalates  are  :  Heese,  Compt.  re7id.,  1845, 
21,  1116  ;  Mathieu-Plessy,  Hid.,  1883,  97,  1033  ;  Collin,  Ber.,  1870,  2,  315. 

2  Buckton  and  Odling,  Proc.  Boy.  Soc,,  1865,  14,  19  ;  Cahours,  Ann.  Chim.  Phys.,  1860, 
[hi.],  58,  5  ;  Hallwachs  and  Schufarik,  Annalen,  1859,  109,  206. 
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dibromide  solution,  aluminium  ethyl  has  a  molecular  weight  in  harmony 
with  the  double  formula.^ 

Aluminium  acetylacetonate,  [(CHg. 00)30 HJgAl,  is  produced  slowly  by 
the  action  of  aluminium  hydroxide  and  rapidly  by  the  action  of  anhydroiis 
aluminium  chloride  on  acetylacetone.  It  is  best  prepared  by  adding 
acetylacetone  and  ammonia  to  an  aqueous  solution  of  aluminium  chloride ;  ^ 
it  separates  from  its  alcoholic  solution  in  white  monoclinic  (a  :  b  :  c  =  1'901  : 1  : 
1‘361;  /3  =  81°  6')^  crystals  isomorphous  with  the  corresponding  ruthenium 
salt,^  melts  at  194°,  and  boils  at  315°.  At  360°  the  vapour  density  is 
11  "24  (air=l),  the  simple  formula  given  above  corresponding  to  the  value 
11‘18.®  The  molecular  weight  also  corresponds  with  the  simple  formula  in 
solution  in  benzene  and  carbon  disulphate.® 

Aluminium  acetylacetonate  separates  from  chlotoform  solution  with  two 
molecules  of  chloroform  of  crystallisation.  It  is  insoluble  in  water  and  does 
not  combine  with  ammonia. 

Aluminium  silicide. — Aluminium  and  silicon  are  completely  miscible, 
but  no  definite  compounds  are  known.  The  eutectic  temperature  is  578’ J 
Aluminium  silicates. — The  silicate  AlgSiOj,  i.e.  Al^Og.SiOg,  occurs  in 
nature  as  three  distinct  minerals  :  cyanite,  which  crystallises  in  the  triclinic 
system  (a  :  5  :  c  =  0-899  : 1  :  0-709,  a  =  90°  6-5',  /3  =  101°  2',  y=105°  44-5'), 
andalusite,  which  occurs  in  rhombic  crystals  {a:b  :c  =  0-986  :  1  :  0-703),  and 
sillimanite,  which  is  also  rhombic  (a  :  b  :  c==  0-9696  :  1  :  0-7046).®  The  only 
one  of  these  forms  of  the  silicate  stable  above  1300°  is  sillimanite. 

Thermal  investigation  of  the  system  silica-alumina  shows  the  existence 
of  only  one  aluminium  silicate,  viz.  AljOg.SiOj,  which  separates  from  a  fused 
mixture  in  crystals  of  sillimanite,  melting  at  1816°  (fig.  15).® 

Aluminium  enters  into  the  composition  of  numerous  complex  silicates, 
many  of  which  are  important  rock-forming  minerals.  Only  a  very  brief 
description  of  the  more  important  of  these  can  be  given  here. 

The  felspars  are  the  most  important  of  all  rock-forming  minerals.  The 
chief  felspars  are  orthoclase  or  potash  felspar  (monoclinic  ;  a  :  b  :c  =  0*658  : 1  : 
0-555;  ^  =  63°  57')  albite  or  soda  felspar  (triclinic;  a  :  b  •.  c  =  0-6335  :  1  : 
0  5577 ;  a  =  94°  3',  /3  =  116°  29',  y  =  88°  9'),  anorthite  or  lime  felspar  (triclinic ; 
a  :  6  :  c  =  0-6347  :  1  :0-5501;  a  =  93°  13',  /3=115°  55',  y  =  91°  12'),  and  the 
plagioclases,  of  which  the  minerals  oligoclase,  andesite,  labradorite,  and 
bytownite  are  examples.  The  chemical  formulae  are  KAlSigOg  for  orthoclase, 
NaAlSigOg  for  albite,  and  CaAlgSigOg  for  anorthite.  As  originally  supposed 
by  Tschermak  in  1864,  the  plagioclases  are  isomorphous  mixtures  of  albite 
and  anorthite.^®  Anorthite  melts  at  1550°.^^ 


1  Buckton  and  Odling,  loc,  cit.)  Quincke,  Ber.,  1889,  22,  551 ;  Louise  and  Roux,  Cunifjt. 
rend.,  1888,  io6,  73,  602;  107,  600;  V.  Meyer,  Ber.,  1888,  21,  701;  Ostwald,  Zeitsch. 
vhysikal.  Chem.,  1889,  3,  47.  ®  ^Y.  Biltz,  Annalen,  1904,  331,  348. 

®  Jaeger,  Rec.  trav.  chim.,  1914,  33,  342. 

^  Barbieri,  Atti  R.  Accad.  Lincei,  1914,  [v.],  23,  i.,  334. 

®  Combes,  Compt.  rend.,  1887,  105,  870;  1889,  108,  405;  Bull.  Soc.  chim.,  1889,  [iii.], 
I,  345. 

®  Urbain  and  Debierne,  Compt.  rend.,  1899,  129,  302  ;  W.  Biltz,  loc.  cit. 

’’  Fraenkol,  Zeitsch.  anorg.  Chem.,  1908,  58,  164  ;  C.  E.  Roberts,  Trans.  Chem.  Soc., 
1914,  105,  1383.  8  Taubert,  Centr.  Min.,  1906,  372. 

8  Shepherd,  Rankin,  and  Wright,  Amer.  J.  Sci.,  1909,  [iv.],  28,  293  ;  Ballo  and  Dittler 
Zeitsch.  anorg.  Chem.,  1912,  76,  39  ;  Eitel,  ibid.,  1914,  88,  173. 

“  Day  and  E.  T.  Allen,  Amer.  J.  Sci.,  1905,  [iv.],  19,  93  ;  Dittler,  Centr.  Min.,  1909, 
663  ;  Tsch.  Min.  Mitt.,  1910,  29,  273. 

”  Day  and  Sosman,  Amer.  J.  Sci.,  1911,  [iv.],  31,  341. 
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Orthoclase  is  mined  in  large  quantities  for  use  in  the  manufacture  of 
porcelain.  Numerous  attempts  have  been  made  to  utilise  this  mineral  as 
a  commercial  source  of  potash.^  The  Ceylon  “moonstone,”  which  is  used 
orthoclase  having  a  pale  blue,  pearly  opalescence. 

1  minerals  of  very  common  occurrence  as  constituents  of 

rocks.  Chemically,  they  are  silicates  of  aluminium  and  either  an  alkali  or 
iron  and  magnesium,  and  in  addition  they  contain  fluorine  and  water  of 
constitution.  They  are  monoclinic,  but  pseudohexagonal,  and  possess  a 
highly  perfect  basal  cleavage, 


or 

im- 


which  gives  white  mica 
muscovite  its  commercial 
portance.  Other  micas  are 
hiotite  or  dark  mica  and  lepido- 
lite  or  lithia  mica. 

The  garnets  are  a  well- 
defined  series  of  minerals  of  the 
general  formula  E3"R2"'(Si04)3, 
where  R"  is  Ca,  Mg,  Fe,  or  Mn, 
and  R'"  is  Al,  Fe,  or  Cr.  The 
following  varieties  are  dis¬ 
tinguished  :  grossular  (Ca,Al), 
pyrope  (Mg,Al),  spessartite 
(Mn,Al),  almandine  (Fe,Al), 
uvarovite  (Ca,Cr),  and  andradite 
(Ca,Fe).  The  garnet&are  cubic 
minerals,  distinguished  by  their 
dodecahedral  or  icositetrahedral 
form,  greasy  lustre,  strong  re¬ 
fraction,  and  ready  fusibility. 
Pyrope  constitutes  the  common 
red  garnet  used  in  jewellery. 
The  zeolites  are  hydrated 


Fig.  15. — Equilibrium  diagram  for  the  system 
alumina  -  silica. 


silicates  of  aluminium  and  the  alkali  metals  (and  generally  of  calcium  as 
well).  The  following  minerals  are  among  those  classed  as  zeolites : — 


Stilbite  . 

Heulandite 

Chabazite 


.  CaAlaSigOie.eHaO 
.  H^CaAlaSigOjg.SHaO 
.  CaAl2Si40j^2-^H20 


Analcite 

NatroUte 

Scolecite 


Na2Al2Si40^2.2H20 

Na2Al2SL0.n.2H20 

CaAl2Si30io.3H20 


The  water  is  very  loosely  held,  and  they  intumesce  before  the  blowpipe. 
With  loss  of  water  the  zeolites  lose  their  transparency,  but  many  of  them, 
after  dehydration,  can  re-absorb  the  amount  of  water  they  originally  con¬ 
tained,  thereby  regaining  their  transparency  and  original  optical  properties. 
Further,  dehydrated  zeolites  absorb  ammonia,  hydrogen  sulphide,  alcohol,  and 
many  other  vapours.  The  nature  of  these  interesting  minerals  has  therefore 
been  the  subject  of  numerous  researches.^ 


1  For  the  literature,  see  Hart,  J.  Ind.  Eng,  CJiem.,  1912,  4,  827  ;  also  Cushman  and 
Coggeshall,  ibid-,  1912,  4,  821 ;  1915,  7,  145  ;  Foote  and  Scholes,  ibid.,  1912,  4,  377. 

^  Modern  references  are  as  follows:  F.  W.  Clarke,  Proc,  Washington  Acad,  Sci.,  1905, 
7,  257  ;  F.  W.  Clarke  and  Steiger,  Bull.  Oeol.  U.S,  Survey,  1905,  No.  262  ;  Ferro,  Aiti 
R.  Accad.  Lincei,  1905,  14,  ii.  140  ;  Zambonini,  Mem.  R,  Accad.  Lincei,  1905,  5,  344  ;  1906, 
6,  102  ;  Rend.  Ac.,  Sci,  Fis.  Med.  Napoli,  1908,  [iii.],  14,  148  ;  Zeitsch.  Kryst.  Min.,  1911, 
49,  73 ;  Thugutt,  Centr.  Min.,  1909,  677  ;  Grandjean,  Bidl.  Soc.frang.  Min.,  1910,  33,  5. 
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Leucite,  KAl(Si03)2,  occurs  in  lavas.  It  is  pseudocubic,  crystallising 
in  icositetrahedral  forms,  and  becomes  truly  cubic  at  433°.  Nephelite, 
(K,Na)AlSiO^,  a  hexaronal  mineral,  is  often  found  in  association  with  leucite. 
The  sodium-aluminium  silicate,  NaAlSi20g,  has  been  prepared  artificially. 
It  is  known  in  two  forms,  the  hexagonal  form  being  called  soda-nephelite 
and  the  triclinic  form  soda-anorthite  or  carnegieite?- 

Spodumene,  LiAl(Si03)2,  is  another  interesting  aluminium  silicate. 
It  occurs  in  large  quantities  in  South  Dakota.^  The  green,  transparent 
variety  is  called  hiddenite  and  occurs  in  North  Carolina.  The  transparent, 
lilac  or  violet-coloured  variety  is  known  as  kunzite ;  it  occurs  in  California 
and  Madagascar  and  is  a  valuable  gem-stone.  Various  lithium-aluminium 
silicates  have  been  prepared  artificially,  but  they  do  not  agree  in  physical 
properties  with  any  known  lithium  minerals.® 

Topaz,  Al2(Si04)F2,  is  a  fluosilicate  of  aluminium.  It  is  an  ortho¬ 
rhombic  mineral  (a  ;  5  :  c  =  0‘528  :  I  :  0'477),  and  its  hardness  (8),  high 
refractive  index,  and  variety  of  colour  render  it  valuable  as  a  gem-stone. 
The  usual  colour  is  pale  yellow,  but  light  brown,  dark  brown,  and  pale  blue 
crystals  are  also  found. 

Beryl,  Al2Be3SigOjg,  is  another  beautifully  crystalline  aluminium  mineral. 
It  is  hexagonal  (hohohedral;  a:c  =  I  :0'4989);  hardness,  7’5 ;  density,  2*7. 
The  pale  green  crystals  known  as  aquamarine,  and  the  dark  green  crystals 
known  as  emerald,  are  familiar  as  precious  stones.  Beryl  has  been  synthesised 
by  Hautefeuille  and  Perrey.^ 

Tourmaline  is  a  borosilicate  of  aluminium,  alkali  metals,  iron,  and 
magnesium,  containing  water  of  constitution  and  a  little  fluorine.  It  may 
be  regarded  as  derived  from  H9Al3B2(0H)2Si40j9  by  the  replacement  of 
the  nine  hydrogen  atoms  by  metals.®  It  is  a  trigonal  mineral  (ditrigonal 
pyramidal;  a  :  c  =  1  :  0’4474) ;  hardness,  7;  density,  3'1.  Tourmaline  is 
an  important  rock-forming  mineral ;  it  is  interesting  as  an  excellent  example 
of  a  crystal  exhibiting  polar  symmetry  and  pyro-electric  properties,  and 
as  a  valuable  material  for  the  production  of  plane-polarised  light.  The 
colour  of  tourmaline  varies  greatly  with  its  chemical  composition,  from 
colourless  to  red,  green,  brown,  and  black.  Excellent  tourmaline  crystals, 
suitable  for  use  as  gem-stones,  are  found  in  Ceylon  and  also  in  Brazil. 

Axinite,  HCa3Al2BS40je,  is  also  an  aluminium  borosilicate.  It  is  a 
beautifully  crystalline  triclinic  mineral  (a  :6  :  c  =  0’4927  :  1  :  0’4511 ;  a  — 
82°  64',  /3  =  88°  9',  y=131°  33'). 

Sodalite,  Na4(AlCl)Al2(Si04)3,  is  a  cubic  mineral  occurring  in  volcanic 
rocks ;  it  crystallises  in  dodecahedra  and  usually  has  a^lue  colour.  Haiiynite, 
Na2Ca(NaS04Al)Al2(Si04)3,  is  also  a  blue,  cubic  mineral,  isomorphous  with 
sodalite,  with  which  it  is  often  associated.  Haiiynite  is  of  interest  as  being 
one  of  the  very  few  silicates  which  contain  sulphur. 

Lapis-lazuli  is  a  beautiful  blue  substance  found  in  Persia,  Afghanistan, 
Siberia,  and  Chili,  and  has  been  prized  for  ages  as  an  ornamental  stone. 
Density,  2*38  to  2’42;  hardness,  6‘6.  It  occurs  embedded  in  limestone,  from 


^  Bowen,  Amer.  J.  Set.,  1912,  [iv.],  33,  561. 

®  Hess  and  Wells,  Amer.  J.  Sei.,  1911,  [iv.],  31,  433. 

®  Ballo  and  Dittler,  Zeitsch.  anorg.  Chem.,  1912,  76,  39;  Jaeger  and  Simek,  Proa.  K. 
Akad.  Wetensch.  Amsterdam,  1914,  17,  239,  251. 

'*  Hautefeuille  and  Perrey,  Ann.  Chim.  Phys.,  1890,  [vi.],  20,  447. 

®  See  Penfield  and  Foote,  Amer.  J.  Sei.,  1899,  [iv.],  7,  97;  Schaller,  Zeitsch.  Kryst. 
Min.,  1912,  51,  321 ;  Vernadski,  ihid.,  1913,  53,  273. 
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which  it  is  extracted  by  heating  the  limestone  and  then  breaking  out  the 
lapis-lazuli  with  a  hammer.  Lapis-lazuli  was  formerly  supposed  to  be  a  simple 
mineral,  but  Brogger  and  Backstrom  ^  have  shown  it  to  be  a  rock,  consisting 
of  diopside,  amphibole,  muscovite,  calcite,  pyrite,  and  a  blue,  cubic  mineral  to 
which  they  gave  the  name  lazurite.  Lazurite  is  a  sodium-aluminium  silicate 
containing  both  sulphur  and  chlorine,  and  is  regarded  as  being  closely 
analogous  and  isomorphous  with  sodalite  and  haliynite.  Powdered  lazurite 
constitutes  the  natural  pigment  ultTamarine. 

Kaolinite,  H^AlgSiaOg,  is  a  rare,  white  mineral.  It  crystallises  in  the 
monoclinic  system  (a  :  6  :  c  =  0-5748  : 1  :  0-6997;  /3  =  96°  19') ;  density,  2-62; 
hardness,  2-5.  The  best  crystals  are  found  near  Amlwch  in  the  island  of 
Anglesey ;  they  are  six-sided  plates  or  pyramids  with  a  perfect  basal  cleav¬ 
age.  The  mean  refractive  index  is  1-563;  the  birefringence  (0-004)  is  much 
lower  than  that  of  mica,  which  resembles  kaolinite  in  appearance.^  The 
water  is  only  expelled  from  kaolinite  at  high  temperatures  (above  330°) ; 
hence,  when  the  formula  is  written  in  the  usual  way,  Al2O3.2SiO2.2H2O,  it 
must  be  remembered  that  the  water  is  “  water  of  constitution”  and  not  water 
of  crystallisation.  Chemically,  kaolinite  is  best  regarded  as  an  acid.® 

The  question  as  to  the  identity  or  otherwise  of  kaolinite  and  the  clay 
substance  of  china-clay  is  discussed  later  (p.  105). 

The  silicates  described  above  are  naturally  occurring  substances.  A 
number  of  artificial  aluminium  silicates,  however,  are  of  considerable  industrial 
importance  and  may  therefore  be  mentioned.  These  are  the  substances  pre¬ 
pared  by  Gans  and  known  technically  as  permutits.  Sodium  permutit  is 
practically  an  artificial  zeolite  of  the  composition  2SiO2Al2O3.Na2O.6H2O. 
It  is  prepared  by  heating  together  china-clay,  sodium  carbonate  and  quartz 
in  the  requisite  proportions  and  treating  the  mass  with  water.  Other  sub¬ 
stances  may  be  added  in  the  preparation ;  a  mixture  of  2-5  to  3  parts  of 
china-clay,  5  to  6  of  alkali  carbonate,  and  1-5  to  2-4  parts  of  borax,  for 
instance,  has  been  particularly  specified.  The  permutit  is  of  a  granular  or 
leafy,  porous  character. 

Sodium  permutit,  like  certain  natural  zeolites,  is  able  to  exchange  its 
sodium  for  other  metals  with  remarkable  ease.  If,  for  instance,  a  solution 
of  calcium  or  magnesium  chloride  is  allowed  to  percolate  through  a  column 
of  the  permutit,  a  solution  of  sodium  chloride,  free  from  calcium  or  magnesium, 
is  obtained.  If  now,  a  concentrated  solution  of  sodium  chloride  is  percolated 
through  the  permutit,  the  calcium  of  magnesium  is  expelled  from  it  and 
replaced  by  sodium.^  The  application  of  sodium  permutit  to  the  softening 
of  boiler  water  will  therefore  be  obvious  without  further  explanation. 

The  sodium  or  calcium  permutits  can  readily  be  made  to  exchange  sodium 
or  calcium  for  manganese,  by  treatment  with  a  manganous  salt  solution. 
When  this  product  is  acted  upon  by  potassium  permanganate  solution,  the 
latter  is  reduced,  and  a  manganese-potassium  permutit  produced  which  is 
covered  with  very  finely  divided  higher  oxides  of  manganese.  This  material 
is  a  valuable  oxidising  agent,  and,  when  exhausted,  can  readily  be  regenerated 
by  allowing  potassium  permanganate  to  percolate  through  it ;  its  commercial 


1  Brogger  and  Backstrom,  Zeitsch.  Kryst.  Min.^  1891,  18,  209. 

2  Dick,  Min.  Mag.,  1888,  8,  15  ;  1908,  15,  124. 

2  See  p.  96.  On  the  constitution  of  kaolinite,  see  Mellor  and  Holdcroft,  vide  infra ; 
Pukal,  vide  infra ;  Samoilov,  Bull.  Acad.  Sci.  Petrograd,  1914,  p.  779. 

*  See  G.  Schulze,  Zeitsch.  physikal.  Chem.,  1914,  89,  168. 
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uses  are  for  removing  iron  from,  and  oxidising  the  organic  matter  and  bacteria 
in  water.  These  results  are  easily  brought  about  by  allowing  the  contami¬ 
nated  water  to  flow  through  a  layer  of  the  permutit ;  in  sterilising  water  by 
this  means  it  may  be  necessary,  in  addition,  first  to  add  a  little  permanganate 
to  the  water.^ 

Aluminosilicic  acids  and  aluminosilicates. — It  is  usual  to  regard  the 
numerous  known  silicates,  including  those  described  in  the  preceding  section, 
as  the  salts  of  various  hypothetical  silicic  acids,  or  as  isomorphous  mixtures 
of  such  salts.^  There  are,  however,  good  reasons  for  supposing  that  many 
of  the  compounds  usually  classed  as  aluminium  silicates  are  no  more  related 
to  the  silicates  than  the  ferrocyanides,  for  instance,  are  related  to  the 
cyanides.  Numerous  reasons  can  be  adduced  in  favour  of  the  view  that 
the  alumina  in  numerous  silicates  plays  the  role  of  an  acid  and  not  a  base, 
and  that,  as  was  originally  proposed  by  Vernadski,  the  silicates  themselves 
are  the  salts  of  a  number  of  complex  aluminosilicic  acids,  comparable 
with  the  phosphomolybdic,  silicomolybdic,  and  silicotungstic  acids,  etc.® 
For  the  nature  of  the  evidence,  however,  the  readef  must  be  referred  to 
the  literature. 

Many  silicates  are  decomposed  by  the  prolonged  action  of  water  and 
carbon  dioxide,  furnishing  colloidal  silicic  acid  or  opal.  In  a  similar  manner, 
the  aluminosilicates  give  rise  to  colloidal  aluminosilicic  acids  or  clays.  The 
empirical  formulae  of  these  acids  may  be  tabulated  as  follows  : — 


Alumino-monosilicic  acid  (allophanic  type) 
Alumino-disilicic  acid  (kaolinic  type) 
Alumino-trisilicic  acid  (natrolitic  type) 
Alumino-tetrasilicic  acid  (pyrophyllitic  type) 
Alumino-pentasilicic  acid  (chabazitic  type) 
Alumino-hexasilicic  acid  (felspathic  type) 


.  Al203.Si02.TCH20 
.  Al203.2Si0.2«H20 
.  Al203.3Si0.2nH20 
.  Al203.4Si02wH20 
.  Al203.5Si027iH20 

.  Al203.6Si02«H20 


The  constitution  of  these  acids  at  present  can  only  be  eonjectured.  The 
following  groupings  of  important  compounds  are  due  to  Mellor  and 
Holdcroft : —  ^ 


^  See  Gans,  Mitt,  aiis,  d.  K,  Priifungsanst,  f.  Wasserversorgung  ti.  Abicasserbeseitignnq 
zu  Berlin,  1907,  Heft  8;  Wocli.  f.  Bran.,  1907,  24,  270:  Chem.  Zeit.,  1907,  31,  3.55  ;  J. 
GasbeleucM. ,  1907,  5O)  1026;  Jahrb.  K.  Breuss.  Geol.  Landesamt.  u.  Bergakad.,  Berlin, 
1908,  26, 179  ;  27,  63  ;  Chem.  Ind.,  1909,  32,  197  ;  Z.  Ver.  Bent.  Zuckerind.,  1907,  p.  206  ; 
Oentr.  Min.,  1913,  pp.  699,  728  ;  1914,  pp.  273,  299,  365  ;  Stremme,  ibid.,  1914,  p.  80,  ; 
Wiegner,  ibid.,  1914,  p.  262  ;  Appolius,  Chem.  Bev.  Fett-Harz.  Ind.,  1909,  p.  300  ;  Liilirig 
and  Beeker,  Chem.  Zeit.,  1908,  32,  514,  531 ;  Anders,  Woch.  f.  Bran.,  1911,  28,  78  ;  Kolb, 
Chem.  Zeit.^  1911,  35,  1393,  1410  ;  L.  H.  Harrison,  Chem.  World,  1912,  i,  238;  Hamor, 
J.  Ind.  Eng.  Chem.,  1912,  4,  240.  Also  the  following  patents  :  Eng.  Pat.,  1907,  Nos.  8232, 
3494;  1909,  Nos.  21,184,  26,842  ;  1910,  No.  28,353  ;  D.R.P.,  1905,  No.  174,097  ;  1908, 
No.  220,609;  Fr.  Pat.,  1907,  No.  374,525;  1909,  Nos.  405,990,  409,006;  1910,  No, 
423,388  ;  1914,  No.  474,283  ;  U.S.  Pat.,  1909,  No.  943,635  ;  1910,  Nos.  951,641,  968,887. 
^  See  Vol.  V.  of  this  series. 

®  See  Wartha,  Annalen,  1873,  170,  338  ;  Brauns,  Die  chemische  Konstitution  der  Silicate, 
1874,  p.  6  ;  Gorgen,  Ann.  Chim.  Phys.,  1887,  [vi.],  10,  146  ;  Vernadski,  Bull.  Buss.  Ges. 
Blaturf.,  1891,  p.  1  ;  Zeitsch.  Kryst.  Min.,  1901,  34,  37;  Zulkowski,  Chem.  Ind.,  1899, 
22,  284;  Seharizer,  Zeitsch.  Kryst.  Min.,  1894,  22,  369;  Ulffers,  J.  prakt.  Chem.,  1907, 
[ii.],  76,  143  ;  Morozewicz,  Kosmos,  1907,  32,  496;  Zeitsch.  Kryst.  Min.,  1910,  48,  523; 
Pukal,  Ber.,  1910,  43,  2107  ;  Sprcchsaal,  1910,  43,  440  ;  Mellor  and  Holdcroft,  Trans.  Eng 
Ceramic  Soc.,  1911,  9,  94  ;  1912,  10,  169  ;  Mellor,  Clay  and  Pottery  Industries  (Griffin  &  Co., 
1914);  W.  Asch  and  A.  Asch,  The  Silicates  in  Chemistry  and  Commerce,  trans.  by  Searle 
(Constable,  1913),  pp.  3-30,  where  a  full  discussion  will  be  found. 

*  Mellor  and  Holdcroft,  loc.  cit.  ;  Mellor,  opus  eit.,  p.  293. 
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1.  Aluniino-monosilicates — Allophanic  Type. 

Allophane  is  Al2O3.SiO2.5H2O.  Salts  of  this  type  are  :  augite,  MgO.ALOj,. 
S1O2;  chlorite,  2MgO.Al2O3.SiO2.2H2O.  ^  S  2  3 


2.  Alumino-disilicates — Kaolinic  Type. 
Various  alumino  disilicic  acids  are  : — 


Rectorite  .  .  Al2O3.2SiO2.H2O 

Kaolinite  .  .  Al2Og.2SiO2.2H2O 


Halloysite  .  .  Al2Og.2SiO2.3H2O 

ITeivtonite  .  .  Al2O3.2SiO2.6H2O 


Among  the  aluminosilicates  that  may  be  looked  upon  as  salts  of  the  pre¬ 
ceding  acids  are  nephelite,  K20.Al20g.2Si02,  and  anorthite, 


3.  Alumino-trisilicates — Natrolitic  Type. 

Salts  are  represented  by  natrolite,  Na20.Al203.3Si02 ;  ymniet,  3Ca0.Al203. 
3Si02;  scolecite,  CaO.Al2Og.3SiO2.3H2O;  lepidolite,  KLi0.Al203.3Si02 ;  etc. 


4.  Alumino-tetrasilicates — Pyrophyllitic  Type. 

Pyrophyllite  is  Al2O3.4SiO2.H2O.  Salts  are  leucite,  K20.Al203.4Si02 ; 
(inalcite,  Na2O.Al2O3.4SiO2.2H2O;  spodumene,  LioO.ALOg. 4Si09 ;  qlaivcophane, 
Na20.Al203.4Si02 ;  etc. 

5.  Alujnino-pentasilicates — Chabazitic  Type. 

The  group  is  represented  by  chabazite,  CaO.Al2O3.5SiO2.7H2O,  and 
harmotine,  BaO.Al2O3.5SiO2.6H2O. 

6.  Alumino-hexasilicates — Felspathic  Type. 

This  type  is  represented  by  orthoclase,  K20.Al203.6Si02. 

For  further  information  concerning  attempts  to  derive  the  constitutions 
of  the  aluminium  silicates,  the  reader  is  referred  to  the  literature.^ 


Aluminium  and  Boron. 

Aluminium  Borides. — Two  borides  are  known,  AlBg  and  AlB^g* 
crystals  have  also  been  prepared  containing  boron,  aluminium,  and  carbon.^ 
All  the  substances  were  prepared  originally  by  Wohler  and  Deville,  and 
regarded  as  allotropic  forms  of  boron  crystallising  out  from  solution  in  molten 
aluminium.  Subsequently  they  recognised  that  their  graphitic  boron  was  a 
boride  of  aluminium  AlBg,  but  looked  uJ)on  the  aluminium  and  carbon  ib  their 
adamantine  boron  as  accidental  impurities. 


^  The  literature  references  are  given  by  W.  Asch  and  A.  Asch,  opus  cit.,  where  a 
full  account  of  the  various  theories  of  the  constitution  of  the  aluminosilicates  will  also  be 
found,  together  with  a  full  discussion  of  the  hexite-pentite  theory. 

^  The  literature  is  as  follows:  Wohler  and  Deville,  Ann,  Chim.  Phys.,  1868,  [iii.],  52, 
63  ;  Compt.  rend.,  1867,  64,  19  ;  Annalen,  1867,  141,  268  ;  Hampe,  Annalen,  1876,  183,  75  ; 
Joly,  Compt.  rend.,  1883,  97,  456  ;  Biltz,  Ber.,  1908,  41,  2634;  1910,  43,  297;  Kiihne, 
D.B.P.,  147,871  ;  Binet  du  Jassonneix,  Ann.  Chim.  Phys.,  1909,  [viii.],  17,  200. 
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98 


ALUMINIUM  AND  ITS  CONGENERS. 


Aluminium  Boride,  AIB2. — The  following  methods  of  preparation  are 
due  to  Wohler  and  Deville  :  (i.)  a  mixture  of  boron  oxide  and  carbon  is  heated 
to  redness  in  chlorine,  and  the  gaseous  products  (boron  trichloride  and  carbon 
monoxide)  passed  over  aluminium  heated  to  whiteness  in  a  porcelain  tube ; 
free  aluminium  is  removed  from  the  product  by  solution  in  hydrochloric  acid 
or  sodium  hydroxide;  (ii.)  potassium  borofluoride  (8  pts.),  potassium  chloride 
(9  pts.),  sodium  chloride  (7  pts.),  and  aluminium  (5  pts.)  are  heated  together 
for  half  an  hour  at  the  melting-point  of  silver,  and  the  product  isolated  as 
before.  Binet  du  Jassonneix  has  produced  it  readily  by  heating  to  1300°,  in 
a  stream  of  hydrogen,  a  fragment  of  aluminium  contained  in  a  crucible 
brasqued  with  boron. 

The  boride  AIB2  is  a  semi-metallic  looking  solid,  which  crystallises  in  six- 
sided  plates  belonging  to  the  monoclinic  system.^  It  is  said  by  Wohler  and 
Deville,  and  also  by  Binet  du  Jassonneix,  to  be  nearly  black,  but  distinctly 
copper-coloured  by  reflected  light ;  Joly  describes  it  as  golden-yellow  in  colour. 
The  boride  is  unaffected  by  air  at  a  red  heat,  dissolves  slowly  in  hot  con¬ 
centrated  hydrochloric  acid  or  sodium  hydroxide,  and  rapidly  in  hot  nitric  acid. 

When  prepared  by  the  method  of  Binet  du  Jassonneix,  it  is  accompanied 
by  a  small  proportion  of  brown  crystals  of  octahedral  habit.  These  latter 
crystals  are  formed  in  abundance  when  the  boride  AIB2  is  heated  with  an 
excess  of  boron  at  1400°,  or  when  a  mixture  of  boron  and  aluminium  powders 
is  heated  to  1300°  in  hydrogen.  They  are  heavier  than  the  boride  AlBg  and 
far  more  resistant  towards  nitric  acid.^ 

Aluminium  Boride,  AlB^g. — The  true  nature  of  this  compound  was 
determined  by  Hampe.  Binet  du  Jassonneix  has  shown  that  it  is  produced, 
together  with  numerous  other  products,  when  aluminium  is  heated  with 
excess  of  boron  in  a  magnesia  crucible  in  the  electric  furnace.  It  is  best 
prepared  by  the  method  outlined  by  Kiihne  and  examined  in  detail  by 
H.  Biltz.  Boron  oxide  (50  grams),  sulphur  (75  grams),  and  granulated 
aluminium  (100  grams)  are  mixed  in  a  clay  crucible,  covered  with  magnesium 
powder,  and  ignited  at  the  top  to  start  the  reaction.  When  cold,  the  crucible 
is  broken  away,  the  product  treated  with  water,  and  the  aluminium  hydroxide 
and  crystalline  needles  of  alumina  rinsed  away.  The  lumps  of  residue  are 
freed  from  traces  of  slag,  at  first  mechanically  and  then  by  prolonged  washing 
with  water.  The  residue  is  treated  with  warm  hydrochloric  acid  for  several 
days ;  lighter  impurities  are  then  removed  by  decantation  with  water.  The 
residue  is  boiled  with  hydrochloric  acid,  then  warmed  with  hydrofluoric  acid 
for  some  hours,  and  finally  kept  in  warm,  dilute  hydrochloric  acid  for 
some  days. 

Thus  prepared,  the  boride  forms  lustrous  crystals,  usually  six-sided 
plates,  probably  belonging  to  the  rhombic  system  {a:b-.c=  '7130  ;  1  :  '7139). 
The  crystals  appear  black,  but  in  thin  layers  are  dark  red  by  transmitted 
light.  At  18°  the  density  is  2'554±'005;  the  specific  heats  at  -40°, 
-f  77°,  +  177°,  and  +  233°  are  0-1915,  0-2737,  0-3378,  and  0-3663  respectively. ^ 
The  boride  is  harder  than  corundum,  but  softer  than  diamond.  According  to 
Hampe,  it  is  unaffected  by  concentrated  hydrochloric  acid  or  potassium 
hydro.xide  solution,  is  slowly  dissolved  by  hot  svdphuric  acid,  and  more  readily 

1  Miller,  Proc.  Boy.  Soc.,  1S6G,  15,  11  ;  Phil.  Mag.,  1866,  [iv.],  31,  397. 

2  The  boron  content  varies  from  66-9  to  79  6  per  cent.  ;  AlBjj  requires  83-1  per  cent. 
Possibly  they  are  mixed  crystals  of  AlB._j  and  AlBjs.  Binet  du  Jassonneix  was  unable  by 
thiii  method  to  observe  the  formation  of  the  characteristic  black  plates  of  AlBjj. 

*  Weber,  Phil.  Mag.,  1875,  fiv.],  49,  161,  276. 
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by  hot  nitric  acid.  It  is  oxidised  by  molten  potassium  hydroxide  or  hi- 
sulphate,  but  not  by  the  nitrate,  and  is  attacked  also  by  heated  lead  chromate. 
It  rapidly  attacks  heated  platinum,  a  very  fusible  product  being  formed. 

Aluminium  borocarbides. — The  researches  of  Wohler  and  Deville 
and  of  Hampe  were  concerned  mainly  with  the  interaction  of  boron  oxide 
and  aluminium  in  either  clay  or  graphite  crucibles.  Joly  showed  that  when 
a  graphite  crucible  was  employed,  the  following  products  were  obtained,  the 
relative  quantities  varying  with  the  conditions  of  the  experiment :  (i.) 
aluminium  boride  AIB^ ;  (ii.)  aluminium  boride  AlB^g  j  (iii-)  yellow  crystals 
containing  boron,  aluminium,  and  carbon ;  and  (iv.)  boron  carbide  BgC. 
Hampe’s  experiments  led  him  to  believe  in  the  existence  of  a  definite  horo- 
carbide  AlgC^B^g.  Later,  Biltz  obtained  crystals  of  definite  composition, 
corresponding  to  the  formula  Al3C2B4^.  The  method  of  preparation  was 
similar  to  that  described  for  the  preparation  of  the  boride  AlB^g,  except 
that  soot  (2  grams)  was  added  to  the  mixture.  The  product,  after  treatment 
with  water,  concentrated  hydrochloric  acid,  and  then  the  warm,  dilute  acid 
for  some  days,  consists  of  spai'kling  yellow  crystals  mixed  with  a  few  black 
crystals  of  AlB^g. 

The  crystals  have  a  density  at  18°  of  2‘590±  006,  are  harder  than 
corundum  and  softer  than  diamond.  Towards  reagents  they  resemble  the 
boride  AlBjg)  but  are  more  resistant  towards  mineral  acids. 

It  is  difficult  to  believe  that  the  formulae  given  by  Hampe  and  Biltz 
represent  definite  chemical  compounds.  Probably  each  chemist  obtained 
products  of  definite  composition  simply  because  the  conditions  of  experiment 
were  not  sufficiently  varied.  Crystals  of  quite  different  composition  have 
been  prepared  by  Binet  du  Jassonneix,  by  heating  aluminium  with  excess  of 
boron  in  a  graphite  crucible  in  an  electric  arc  furnace.  They  are  yellow, 
transparent,  and  occur  in  six-sided  plates ;  mixed  with  them  are  crystals 
of  boron  carbide,  from  which  they  cannot  be  completely  separated.  The 
crystals  are  attacked  slowly  by  dilute  hydrochloric  acid,  quickly  by  nitric 
acid.  After  allowing  for  mechanically  admixed  boron  carbide,  the  average 
composition  was  Al,  64  per  cent.;  B,  15  per  cent.;  C,  21  per  cent.;  but 
different  preparations  varied  considerably  in  composition.^ 

Aluminium  borate. — The  basic  borate,  SAlgOg.B^O,  was  prepared  by 
Ebelmen  by  strongly  heating  a  mixture  of  alumina  and  borax.  It  forms 
colourless,  orthorhombic  crystals  (a  :  b  •.  c  =  0‘974  :  1  :  0’679)  of  density  3'0.^ 
The  precipitates  obtained  by  mixing  alkali  borate  solutions  with  solutions  of 
aluminium  salts  are  also  basic  aluminium  borates.® 

Aluminium  sodium  perborate,  AlaNagB^Og.fiH^O,  containing  7  to 
9  per  cent,  of  active  oxygen,  is  prepared  by  mixing  cold  solutions  of 
sodium  aluminate  (6-6  pts.)  and  boric  acid  (6  pts.)  and  adding  10  per  cent, 
hydrogen  peroxide  solution  (30  pts.).  It  is  k  colourless  powder,  sparingly 
soluble  in  water.  ^ 


1  It  is  possible  that  these  borocarbides  are  mixed  crystals  of  two  or  more  of  the  follow¬ 
ing  substances  :  AIB.2,  AlBig,  AhCj,  and  BgC.  The  suggestion  has  been  made  by  Binet  du 
Jassonneix  that  his  crystals  are  mixed  crystals  of  aluminium  boride  AlBg  and  aluminium 
carbide  AI4C3,  but  it  is  quite  at  variance  with  his  analytical  data. 

2  Ebelmen,  Ann.  Chim.  Phys.,  1851,  [iii.],  33,  34  ;  Mallard,  Oompt.  rend.,  1887,  105, 
1260;  cf.  Troost  and  Hautefeuille,  ibid.,  1872,  75,  1819;  Fremy  and  Fell,  ibid,,  1877, 
85,  1029. 

®  Rose,  Pogg.  Annalen,  1864.  gi,  462. 

^  D.B.P.,  236,050, 
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Detection  and  Estimation  op  Aluminium. 

Aluminium  salts  give  no  precipitate  with  hydrogen  sulphide  in  acid  or 
neutral  solution.  Ammonium  hydroxide,  sulphide,  or  carbonate,  precipitates 
aluminium  as  the  white,  gelatinous  hydroxide,  which,  like  the  hydroxides  of 
beryllium,  zinc,  and  chromium,  is  soluble  in  cold  sodium  hydroxide.  Alumina, 
when  moistened  with  a  solution  of  a  cobalt  salt  and  heated  on  charcoal,  yields 
a  bright  blue,  infusible  mass.  A  test  which  will  detect  1  part  of  aluminium 
in  10  million  parts  of  water  is  to  add  1  c.c.  of  a  0‘1  per  cent,  solution  of 
alizarin  S  to  5  c.c.  of  the  neutral  or  acid  solution,  make  just  ammoniacal,  boil 
for  a  few  minutes,  cool,  and  acidify  with  dilute  acetic  acid.  A  red  colour  or 
precipitate  indicates  the  presence  of  aluminium.^ 

In  quantitative  analysis,  aluminium  is  precipitated  as  the  hydroxide,^ 
washed,®  ignited  over  the  blowpipe,  and  weighed  as  the  sesqui  oxide  AlgOg.^ 
(ft)  The  precipitation  is  effected,  best  in  a  platinum  or  porcelain  vessel,  by 
adding  a  slight  excess  of  freshly  distilled  ammonium  hydroxide  to  a  slightly 
acid  solution  of  an  aluminium  salt,  preferably  in  the  presence  of  ammonium 
chloride.  Alternative  methods  of  precipitation  are  as  follows.  (5)  One  to 
three  cubic  centimetres  of  phenylhydrazine  are  added  to  the  hot,  very  slightly 
acid  solution,  the  precipitate  being  washed  with  a  hot,  very  dilute  solution  of 
phenylhydrazine  bisulphite  free  from  excess  of  sulphurous  acid.®  (c)  The 
dilute,  neutral  chloride  solution  is  treated  with  excess  of  sodium  thiosulphate 
and  boiled  until  sulphur  dioxide  is  no  longer  evolved.®  (cf)  The  slightly  acid 
solution  is  treated  with  excess  of  a  mixture  of  potassium  iodide  and  potassium 
iodate,  a  moderate  excess  of  sodium  thiosulphate  added,  and  the  solution 
heated  on  the  steam-bath  for  half  an  hour.'^  (e)  The  neutral  solution  is 
slightly  acidified  with  hydrochloric  acid  and  boiled  with  excess  of  ammonium 
or  sodium  nitrite ;  finally,  a  little  ammonia  is  added.® 

In  methods  (6),  (c),  (d),  and  (e)  precipitation  is  due  to  the  fact  that  aqueous 
solutions  of  aluminium  salts  are  appreciably  hydrolysed,  and  that  when  excess 
of  a  reagent  is  added  which  uses  up  the  free  acid  present,  hydrolysis  proceeds  to 
completion.  The  principle  of  method  (d),®  for  instance,  is  sufficiently  indicated 
by  the  following  equations  : — 

2  AlOlg  H-  6H2O  ^2  A1(0H)3  +  6  HCl 

KIO3  +  5KI  +  6HOI  =  fiKOl-f-SHgO-t-SIs 
fiNagSgOg  +  SIg  =  SNagS^Og  -f  6NaI 


^  Atack,  J.  Soc.  diem.  Ind.,  1915,  34,  936.  For  further  information  on  the  detection 
of  aluminium,  see  A.  A.  Noyes,  Bray,  and  Spear,  J.  Amer.  diem.  Soc.,  1908,  30,  481 ;  diem, 
Neivs,  1908,  98,  6,  etc.  ;  Petit,  J,  Pharm.  Ohim.,  1914,  [vii.],  9,  66  (detection  as  barium 
aluminate) ;  Kathgen,  Zeitsch.  anal.  Chem.,  1913,  53,33;  and  Kratzmann,  Pharm.  Post, 
1914,  47,  101,  109  (microchemical  detection). 

®  For  the  disturbing  influence  of  fluorides,  see  Veitch,  J,  Amer.  Chem.  Soc.,  1900,  22, 
246  ;  Bloor,  ibid.,  1907,  29,  1603  ;  Curtmaii  and  Dubin,  ibid.,  1912,  34, 1485  ;  Hinrichsen, 
Per.,  1907,  40,  1497 ;  Zeitsch.  anorg.  Chem.,  1908,  58,  83  ;  Mile.  Cavaignac,  Compt.  rend., 
1914,  158,  948.  ®  See  Daudt,  J.  Ind.  Eng.  Chem.,  1915,  7j  847. 

^  For  full  details,  see  Blum,  J.  Amer.  Chem.  Soc.,  1916,  38,  1282. 

®  Hess  and  Campbell,  J.  Amer.  Chem.  Soc.,  1899,  21,  776  ;  Allen,  ibid.,  1903,  25,  421. 

®  Chancel,  Compt.  rend.,  1858,  46,  987  ;  cf.  Hac,  Eighth  Inter.  Cong.  Appl.  Chem., 
1912,  I,  205.  1  Stock,  Per.,  1900,  33,  548. 

®  Wynkoop,  J.  Amer.  Chem.  Soc.,  1897,  19,  434  ;  Schirm,  Chein.  Zoit.,  1909,  33,  877  ; 
1911,  35,  979. 

®  Which  maybe  used  as  a  volumetric  method  (Moody,  Amer.  J.  Sen.,  1905,  [iv.J,  20, 
181  ;  Ivanov,  J.  Puss.  Phys.  Chem.  Soc.,  1914,  46,  419  ;  Mile.  Kovscharova,  ibid.,  1915, 
47,  616  ;  Osipov,  ibid.,  1915,  47,  613). 
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The  precipitates  obtained  by  methods  (c),  (d),  and  (e)  are  very  much  easier 
to  filter  than  that  obtained  by  method  (a). 

In  the  presence  of  phosphoric  acid  the  aluminium  precipitate  is  partly  or 
wholly  aluminium  phosphate.  The  precipitation  of  aluminium  as  hydroxide 
is  prevented  by  the  presence  of  organic  hydroxy-compounds  such  as  tartaric 
and  citric  acids,  sucrose,  etc.,  in  the  solution. 

There  is  no  difficulty  in  separating  aluminium  from  the  alkali  metals  and 
metals  which  form  sulphides  insoluble  in  acetic  acid  or  dilute  mineral  acids. 
The  separation  of  aluminium  from  magnesium  and  the  alkaline-earth  metals 
may  be  effected  by  methods  (a),  {b),  (d),  and  (e)  already  given.  In  method  {a) 
the  ammonia  should  be  free  from  carbonate,  or  it  may  be  replaced  by  pure 
ammonium  sulphide  free  from  carbonate  and  sulphate.  When  precipitated 
by  ammonium  hydroxide  or  sulphide,  aluminium  may  be  associated  with 
beryllium,  iron,  chromium,  titanium,  uranium,  zinc,  manganese,  nickel,  and 
cobalt,  though  if  the  hydroxide  be  used  as  precipitant,  the  bulk  of  the  last 
four  metals  may  be  removed,  the  separation  being  often  sufficiently  precise 
for  the  purposes  of  ordinary  qualitative  analysis. 

The  preceding  method  (e)  serves  to  separate  aluminium  from  zinc, 
manganese,  nickel,  and  cobalt,  as  also  do  the  two  following  methods.  (/)  The 
cold,  slightly  acid  solution  of  the  chlorides  or  nitrates  containing  ammonium 
salts  is  shaken  with  excess  of  pure  precipitated  barium  carbonate  and  allowed 
to  stand  for  some  hours.  The  aluminium  is  precipitated  as  hydroxide,  in 
accordance  with  the  principle  already  stated  (p.  100),  and  needs  separation 
from  the  excess  of  barium  carbonate,  (g)  The  hot,  dilute,  acidified  chloride 
solution  is  made  nearly  neutral  with  ammonium  hydroxide  or  carbonate,  a 
slight  excess  of  ammonium  acetate  added,  and  the  solution  boiled  for  one  or 
two  minutes,  when  the  aluminium  is  precipitated  as  basic  aluminium  acetate. 
Method  (f)  is  more  tedious,  but  more  accurate  than  (g). 

Aluminium  is  readily  separated  from  iron  by  precipitation  with  an  excess 
of  pure  alkali  hydroxide,  in  which  only  the  hydroxide  of  aluminium  is 
soluble.  Alternative  procedures  are  to  precipitate  the  aluminium  from  a 
chloride  solution  by  method  (c)  above,  the  iron  present  remaining  in  solution 
as  a  ferrous  salt ;  to  reduce  the  iron  to  the  ferrous  state  with  ammonium 
bisulphite  and  employ  the  phenylhydrazine  method  (b),  double  precipitation 
being  advisable ;  or  to  dissolve  the  mixed  aluminium  and  ferric  chlorides 
in  hydrochloric  acid  of  density  1T2  and  extract  the  ferric  chloride'  with 
ether.i  Aluminium  is  separated  from  chromium  by  adding  excess  of  pure 
alkali  hydroxide,  oxidising  the  chromic  hydroxide  to  alkali  chromate  by 
adding  bromine  to,  or  passing  chlorine  into  the  liquid,  acidifying  with  nitric 
acid,  and  then  precipitating  the  aluminium  by  the  addition  of  ammonia.^ 
A  good  separation  of  aluminium  and  titanium  is  that  proposed  by  Gooch, 
in  which  the  dilute  solution,  slightly  acidified  with  sulphuric  acid,  is  treated 
with  sodium  acetate  and  considerable  acetic  acid  and  boiled  for  five  minutes. 
Titanium  is  precipitated  as  metatitanic  acid.®  An  alternative  procedure  is 
to  precipitate  the  titanium  with  the  ammonium  salt  of  nitrosophenylhydroxyl- 
amine  (cupferron)  in  a  dilute  sulphuric  acid  solution.^  Aluminium  may  be 


1  Hanriot,  Bull.  Soc.  chim.,  1893,  [iii.],  7> 

2  Cf.  Jakob,  Bidl.  Aead.  Sei.  Cracow,  1913,  A,  56;  van  Pelt,  Bull.  Soc.  chim.  Belg., 
1914,  28,  138. 

3  Gooch,  Proc.  Amer.  Acad.,  1884,  20,  435  ;  Chem.  News,  1885,  52,  55,  68. 

■»  Bellucciand  Grassi, Accad.  Lined,  1913,  [v.],  22,  i.  30;  Thornton  Amer.  J. 


Sci.,  1914,  [iv.],  37,  407. 
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separated  from  zirconium  in  a  similar  manner.^  It  is  separated  from  nranium 
by  precipitation  with  excess  of  ammonium  carbonate,  the  uranium  remaining 
in  solution. 

An  excellent  method  for  the  separation  of  aluminium  from  glucinum, 
ii’on,  zinc,  copper,  mercury,  and  bismuth  consists  in  dissolving  the  mixed 
chlorides  in  concentrated  hydrochloric  acid,  adding  rather  more  than  an 
equal  volume  of  ether,  and  saturating  the  mixture  at  15°  with  hydrogen 
chloride  gas.  The  aluminium  separates  as  the  hydrated  chloride  AlClg.BH^O, 
which  is  filtered  on  asbestos  and  washed  with  a  mixture  of  equal  volumes  of 
concentrated  hydrochloric  acid  and  ether  saturated  with  hydrogen  chloride.^ 
Aluminium  nitrate  is  insoluble  in  amyl  alcohol,  a  property  which  may  be 
utilised  in  separating  aluminium  from  glucinum.® 

Details  of  the  various  methods  must  be  sought  in  the  original  memoirs 
or  in  text-books  of  quantitative  analysis.'* * 


^  Thornton  and  Hayden,  Amer.  J.  Sci.,  1914,  [iv.],  38,  137  ;  Ferrari,  Atti  isl.  Veneto 
scienze  lettere  ed  arti,  1914,  73)  445. 

^  Gooch  and  Havens,  Amer.  J.  Sci.,  1896,  [iv.],  2,  416  ;  Zeitsch.  anorg.  Ghem.,  1897,  13, 
435  ;  Havens,  Amer.  J.  Sci.,  1897,  [iv.],  4,  111  ;  1898,  [iv.],  6,  45  ;  Zeitsch.  anorg.  Ghem., 
1898,  16,  15;  1898,  18,  147  ;  cf.  Minnig,  Amer,  J.  Sd.,  1915,  [iv.],  39,  197  ;  40,  482. 

®  Browning  and  Kuzirian,  Eighth  Inter.  Gong.  Appl.  Ghem.,  1912,  i,  87.  For  another 
method,  see  Wunder  and  Mile.  Cheladze,  Ann.  Ghim.  anal.,  1911,  16,  205, 

*  For  the  analysis  of  corainercial  aluminium  and  its  alloys,  see  Moissan,  Gompt.  rend., 
1894,  119,  12;  1895,  121,  851  ;  1897,  125,  276  ;  Bull.  Soc.  chim.,  1894,  [iii.],  ii,  1021  ; 
1897,  [iii.],  17,  4  ;  Kohn-Abrest,  Gompt.  rend.,  1908,  147,  1293  ;  Handy,  J.  Amer.  Ghem. 
Soc.,  1896,  18,  766  ;  Seligman  and  Willot,  J.  Inst.  Met.,  1910,  3,  138  ;  Kleist,  Ghem.  Zeit., 
1911,  35,  668  ;  von  John,  ibid.,  1913,  37,  363  ;  Czochralski,  Zeitsch.  angew.  Ghem.,  1913, 
26,  601  ;  Belasio,  Ann.  Ghim.  Applieata,  1914,  i,  101  ;  Lunge,  Technical  Methods  of 
Ghemical  Analysis,  trans.  by  Keane  (Gurney  &  Jackson,  1911),  vol.  2,  pt.  1,  p.  346. 
For  the  estimation  of  aluminium  in  silicate  and  carbonate  rocks,  see  Hillebrand,  The 
Analysis  of  Silicate  and  Garbonate  Rocks  {Bull.  U.S.  Geol.  Survey,  1910,  No.  422) ; 
Hinrichsen,  Ber.,  1907,  40,  1497  ;  Selch,  Zeitsch.  anal.  Ghem.,  1915,  54,  395.  Mellor,  A 
Treatise  on  Quantitative  Analysis  (GrifiBn  &  Co.,  Ltd.,  1913),  and  Treadwell-Hall,  Quantita¬ 
tive  Analysis  (Wiley,  3rd  Edn.,  1913),  may  also  be  consulted  with  advantage. 

On  the  technical  analysis  of  aluminium  salts,  see  Bayer,  Zeitsch.  anal.  Ghem.,  1885,  24, 
542  ;  1886,  25,  180  ;  Ghem.  Zeit.,  1887,  II,  53  ;  1888,  12,  1209  ;  1890,  14,  736  ;  R.  Williams, 
Ghem.  News,  1887,  56,  194  ;  Beilstein  and  Grosset,  Ghem.  Soc.  Abstr.,  1890,  p.  85  ;  A.  H. 
White,  J.  Amer.  Ghem,  Soc.,  1902,  24,  457  ;  Schmatolla,  Ber.,  1905,  38,  985;  Moody, 
Zeitsch.  anorg.  Ghem.,  1907,  52,  286;  Craig,  J.  Soc.  Ghem.  Ind.,  1911,  30,  184;  W.  W, 
Scott,  J.  Ind.  Eng.  Ghem.,  1915,  1,  1059. 
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CLAY  AND  CERAMICS. 

Clays  ^  are  the  chief  earthy  deposits  utilised  in  the  manufacture  of  bricks, 
tiles,  pottery,  and  other  ceramic  products.  The  term  “  clay  ”  is  one  of  popular 
origin  and  use,  and  has  been  incorporated  into  scientific  terminology  in  a 
rather  loose  manner.  Geologically,  clays  occur  chiefly  among  the  sedimentary 
rocks,  although  they  are  decomposition  products  of  certain  granites  and  some 
other  igneous  rocks.  Chemically,  clays  are  impure,  complex  aluminosilicic 
acids,  the  characteristics  of  a  clay  being  dependent  on  the  particular  acid 
present,  on  its  state  of  hydration,  and  on  the  impurities  associated  with  it. 
Popularly,  clays  are  recognised  by  the  fact  that  either  in  a  natural  state  or 
when  mixed  with  a  suitable  quantity  of  water  they  become  plastic,  although 
different  clays  vary  enormously  in  this  respect,  and  when  heated  to  redness 
they  become  converted  into  hard,  stone-like  products. 

The  raw  materials  from  which  most  clays  have  been  produced  are  the 
various  felspars,  particularly  the  alkali  felspars  orthoclase  and  microcline, 
and  their  decomposition  products ;  these  minerals  were  originally  present  in 
igneous  rocks  such  as  granite,  pegmatite,  trachyte,  gneiss,  etc.  Some  clays, 
however,  have  been  derived  from  rocks  containing  little  or  no  felspars,  e.g. 
serpentine  and  some  gabbros,  by  the  decomposition  of  aTigite,  hornblende,  and 
other  aluminosilicate  minerals. 

The  decomposition  of  the  various  rock-forming  minerals  with  the  pro¬ 
duction  of  clay  has  in  most  cases  been  brought  about  by  epigenic  or  surface 
actions,  or,  as  is  usually  said,  by  “weathering.”  The  rocks  expand  under 
the  influence  of  the  heat  of  the  sun  and  contract  again  at  night,  minute 
cracks  being  thereby  produced.  The  crystalline  structure  of  the  rocks  aids 
the  splitting  in  certain  directions,  and  the  disintegration  is  accelerated  by 
plant  roots  forcing  their  way  into  the  cracks  and  by  rain  water  percolating  in 
and  freezing  in  cold  weather.  The  silicates  present  in  the  rocks  thus  become 
more  and  more  exposed  to  the  action  of  surface  waters.  It  has  generally 


^  For  further  information  on  clays  the  following  works  may  be  consulted  :  Searle,  British 
Clays,  Shales,  and  Sands  (0.  Griffin  &  Co.,  Ltd.,  1912);  Ries,  Clays,  their  Occurrence, 
Properties,  and  Uses  (Wiley  &  Sons,  2nd  ed.,  1909);  Searle,  The  Natural  History  of 
Clay  (Cambridge  University  Press,  1912) ;  Searle,  The  ClayworTceiSs  Handbook  (C.  Griffin 
&  Co.,  Ltd.,  2nd  ed.,  1911);  Merrill,  The  Non-metallie  Minerals  {Wiley  &  Sons,  2nd  ed., 
1910) ;  Howe,  A  Handbook  to  the  Collection  of  Kaolin,  China  Clay,  and  China  Stone  in  the 
Museum  of  Practical  Geology  (London,  1914) ;  Le  Chatelier,  La  silice  et  les  silicates  (Paris, 
1914);  Moissan,  Traiti  de  chimie  minirale  (Paris,  1905),  vol.  iv.,  article  “Ceramique”; 
Thorpe,  A  Dictionary  of  Applied  Chemistry  (Longmans  &  Co.,  1912-13),  vols.  ii.  and  iv.  ; 
Seger,  Gesammelte  Schriften  (Berlin,  1896,  and  American  translation,  Easton,  1902) ;  and 
Mellor,  Clay  and  Pottery  Industries,  being  the  Collected  Papers  from  the  County  Pottery 
Laboratory,  Staffordshire,  vol.  i.  (C.  Griffin  &  Co.,  Ltd.,  1914), 
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been  supposed,  following  Forscharnmer,^  that  the  carbonic  acid  held  in  solu¬ 
tion  by  these  waters  has  been  the  active  agent  in  effecting  the  decomposition 
of  the  silicates.  There  is  evidence,  however,  that  the  minerals  have  also 
succumbed  slowly  to  the  hydrolysing  action  of  water  upon  them,  many 
powdered,  natural  silicates  being  sufficiently  soluble  in  water  to  react  alkaline 
towards  phenolphthalein.^  In  the  case  of  orthoclase,  for  example,  it  has  been 
suggested  ®  that  the  initial  change  may  be  represented  thus  : — 

K2Al2SigOj6  -I-  2H20^2K0H  -f  H2Al2SigOie, 

the  aluminosilicic  acid  then  undergoing  further  decomposition,  whereby  the 
elements  of  silica  are  partly  removed  and  the  elements  of  water  added  on 
until,  in  general,  the  final  product  has  the  composition  H4Al2Si209.^ 

Some  clays  are  considered  by  eminent  geologists  to  have  been  produced 
by  hyjjogenic  actions,  i.e.  actions  occurring  below  the  surface  of  the  earth. 
The  Cornish  and  some  of  the  Zettlitz  (Bohemia)  china-clays  have  probably 
been  produced  in  this  manner,  the  decomposition  of  the  original  igneous 
rocks  having  proceeded  mainly  from  below  upwards,  effected  by  the  action 
of  aqueous  solutions  of  carbonic  or  hydrofluoric  acid  under  pressure  and 
at  high  temperatures.^ 

Clays  which  are  found  overlying  or  in  close  association  with  the  rocks 
from  which  they  have  been  derived  are  called  primary  or  residual  clays.® 
The  chief  primary  clays  are  the  china-clays  or  kaolins,  which  are  only  feebly 
plastic.  Clays  which  have  been  carried  away  from  their  place  of  origin  and 
deposited  elsewhere  are  known  as  secondary  or  transported  clays.  They  are 
“  the  washings  and  sweepings  of  the  hills,  which  Nature  has  accumulated  as 
her  rubbish-heaps  in  convenient  places,”  and  generally  they  are  very  plastic. 
Some  clays,  after  transportation,  have  been  subjected  to  great  pressures  in 
contact  with  water,  whereby  they  have  become  hard  and  laminated  in 
structure  and  require  to  be  finely  ground  before  they  exhibit  any  plasticity. 
Such  clays  are  known  as  clay-shales',  as  the  result  of  metamorphic  change 
they  pass  into  slates  J 

Composition  of  Kaolins. — Clays  which  are  wffiite  and  burn  to  a  white 
mass  are  known  as  kaolins.  They  may  be  either  primary  or  secondary  clays, 
but  all  the  kaolins  found  in  the  United  Kingdom  appear  to  be  primary. 
They  occur  in  association  with  the  igneous  rocks  from  which  they  were 
derived,  and  have  to  be  separated  by  a  process  of  washing.  The  bulk  of 
Continental  and  many  extra-European  kaolins  occur  as  secondary  deposits 
and  need  no  washing  j  they  differ  from  English  china-clay  in  several  important 
respects  and  are  usually  inferior  to  it.  While  the  term  “  kaolin  ”  is  employed 
to  denote  either  a  deposit  of  white  clay,  a  partially  decomposed  clay-forming 
rock  or  the  clay  that  may  be  obtained  from  it,  separate  names  are  desirable 

1  Forschammer,  Pogg.  Annalen,  1835,  35,  354. 

^  F.  W.  Clarke,  Bull.  U.S.  Oeol.  Survey,  1900,  No.  167. 

®  Cameron  and  Bell,  Bull.  U.S.  Bureau  of  Soils,  1905,  No.  30. 

*  Some  chemists  consider  the  true  formula  to  be  at  least  six  times  as  large.  See  W.  and 
D.  Asch,  The  Silicates  in  Chemistry  and  Commerce,  ti-anslation  by  A.  B.  Searle  (Constable 
1913),  or  Searle,  Cement,  Concrete  and  Bricks  {Coasia-hle:,  1913).  ’ 

®  Daubr^e,  Ann.  Min.,  1841,  [iii.],  20,  65  ;  Collins,  Min.  Mag.,  1887,  7,  205  ;  but  cf. 
Hickling,  Trans.  Inst.  Mng.  Eng.,  1908,  36,  10,  who  states  that  “except  in  appearance” 
the  product  obtained  by  acting  upon  felspar  with  hydrofluoric  acid  “has  not  the  remotest 
resemblance  to  china-clay.” 

®  The  term  residual  clay,  however,  is  sometimes  used  in  another  sense. 

Many  other  kinds  of  shales  and  slates  are  also  known. 
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for  these  materials,  and  in  England  the  terms  haolin,  china-clay  roclt^  and 
china-clay  are  respectively  used  for  the  purpose. 

English  china-clay  is  separated  from  the  associated  rock  by  directing  a 
stream  of  water  upon  it.  The  finely  divided  clay  is  swept  away  and  is  carried 
by  the  water  to  a  series  of  catch-pits  or  pools,  in  which  the  sand  settles  to 
the  bottom.  The  fluid  is  pumped  to  a  convenient  level  and  is  allowed  to 
flow  slowly  through  a  series  of  long  shallow  troughs  or  drags  in  which  the 
mica  and  other  denser  particles  settle,  leaving  the  clay  in  suspension.  The 
finest  particles,  including  all  the  clay,  are  then  allowed  to  settle  in  a  pit, 
after  which  the  clear  water  is  run  off,  the  fine  white  mud  is  dried  and  then 
forms  the  china-clay  of  commerce.  The  separation  into  fractions  is  thus 
effected  by  a  combination  of  the  processes  of  sedimentation,  based  upon  the 
fact  that  coarse  particles  sink  in  water  more  rapidly  than  fine  ones,  and  of 
elutriation,  based  upon  the  fact  that  a  slow  stream  of  water  flowing  over  a 
heterogeneous  mass  such  as  a  clay  carries  away  with  it  the  small  particles 
more  readily  than  it  does  the  larger  ones.^ 

Hickling  ®  has  made  a  careful  study  of  the  mineralogical  composition  of 
English  china-clay,  with  the  following  results.  The  coarse  sand  which  first 
settles  out  consists  largely  of  quartz,  mixed  with  tourmaline,  biotite  (brown 
mica),  and  muscovite  (white  mica).  In  the  succeeding  finer  sands  the 
quantities  of  quartz  and  tourmaline  diminish  considerably  while  the  amount 
of  muscovite  increases.  The  coarse  muds  which  follow  contain  considerable 
quantities  of  kaolinite.  In  the  finest  muds  no  biotite  is  found,  tourmaline 
is  extremely  scarce,  and  quartz  is  only  present  in  small  quantities ;  the  bulk 
of  the  material  consists  of  kaolinite  and  the  remainder  is  composed  chiefly 
of  muscovite.  No  felspar  is  found  in  English  china-clay.  By  exceptionally 
careful  washing  it  is  possible  to  increase  the  percentage  of  kaolinite  to 
99  per  cent.,  but  the  best  commercial  samples  only  contain  90  to  95  per  cent. 

Most  of  the  other  kaolins  appear  to  resemble  the  English  china-clay  in  com¬ 
position,  although  particles  of  felspar  are  found  in  various  Continental  kaolins. 

Commercial  china-clay  is  a  soft,  white  or  nearly  white  substance  that 
may  easily  be  reduced  to  a  very  fine  powder.  When  mixed  with  twice  its 
weight  of  water  it  will  pass  completely  through  a  No.  200  sieve. 

Only  a  very  small  portion  of  commercial  kaolins  or  china-clays  can  be 
recognised  as  the  crystalline  mineral  kaolinite  by  microscopes  of  ordinary 
power, ^  the  bulk  of  the  material  which  Hickling  claims  to  be  kaolinite  appear¬ 
ing  to  consist  of  amorphous  particles.  The  identity  of  this  “amorphous” 
material  with  crystalline  kaolinite  is  not  conclusively  proved,  and  the  term 
clayite,  proposed  by  Mellor,®  is  sometimes  used  to  describe  it. 

The  very  finely  divided  muscovite  present  in  commercial  china-clays  is 


1  Also  known  as  cardazite. 

2  It  may  here  be  pointed  out  that  the  minerals  most  plentiful  in  clays  do  not  differ  very 
greatly  in  their  densities,  as  shown  by  the  following  data ; — 

Kaolinite  2 '6  Felspars  2 ‘55-2 ‘76  Biotite  2'7-3T 

Quartz  2'65  Muscovite  2'76-3'00  Calcite  2'7 

3  Hickling,  Trans.  Inst.  Mng.  Eng.,  1908,  36,  10;  J.  Soe.  Dyers,  1915,  31,  70;  cf. 
S.  W.  Johnson  and  Blake,  Amer.  J.  Sci.,  1867,  [ii.],  43> 

^  The  particles  present  in  washed  china-clay  vary  from  0'0005  mm.  to  0-03  mm.  in 
diSiUi  ©ter. 

®  Meilor,  Trans.  Eng.  Cer.  Soc.,  1908,  8,  23  ;  Collected  Papers,  yol.  i.  p.  168.  The  term 
clayite  was  apjJied  some  years  previously  to  a  mineral  of  an  entirely  different  nature  dis¬ 
covered  by  H.  Clay. 
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not  the  primary  muscovite  of  the  original  igneous  rocks/  but  is  most 
probably  produced  by  the  decomposition  of  felspar.  The  kaolinite,  in  its 
turn,  appears  to  be  produced  from  this  secondary  mica ;  the  two  minerals  are 
crystallographically  very  similar,  and,  on  account  of  their  well-developed 
basal  cleavage,  occur  in  china-clay  mainly  in  thin  plates.  ^ 

The  analyses  of  a  specimen  of  kaolinite  and  a  well-washed  Devonshire 
china-clay  are  given  in  the  table  on  p.  108.  The  analyses  of  numerous 
commercial  china-clays  are  in  good  agreement  with  the  view  that  the  clays 
are  mixtures  of  kaolinite,  muscovite,  and  quartz. 

Composition  of  Transported  Clays. — The  mineralogical  coinposition 
of  these  clays  is  naturally  more  complex  than  that  of  the  kaolins,  since  they 
not  only  contain  the  various  mineral  constituents  of  the  primary  rocks  and 
their  decomposition  products,  but  also  numerous  other  minerals  which  have 
become  adventitiously  mixed  with  the  clays  during  transportation  from  their 
places  of  origin  to  their  present  sites. 

Many  transported  clays  are  obviously  heterogeneous,  and,  when  rubbed 
up  with  water  so  as  to  form  a  thin  “slip”  or  “slurry,” they  may  be  separated 
into  dissimilar  fractions  by  the  use  of  sieves  varying  in  mesh.  The  finest 
fraction  may  then  be  further  separated  by  sedimentation  or  by  elutriation. 
The  fractions  thus  obtained,  beginning  with  that  containing  the  largest 
grains,  are  known  respectively  as  gravel,  fine  gravel,  coarse  sand,  fine  sand, 
silt,  fine  silt,  and  clay ;  and  a  statement  of  the  composition  of  a  clay  in  terms 
of  these  constituents  is  termed  its  mechanical  analysis.  The  following  table 
records  the  mechanical  analyses  of  samples  of  Berkshire  loam  which  is  used 
as  a  brick-clay  and  Staffordshire  “blue  brick”  clay: — ® 


' 

Berkshire 

Staffordshire 

Loam. 

Clay. 

Fine  gravel  (1-3  mm.  diam.)  . 

0-3 

0-8 

Coarse  sand  (0-2-1 ’0  mm.  diam.)  . 

4-4 

8-6 

Fine  sand  (0 '04-0 '2  mm.  diam.) 

34-8 

7-2 

Silt  (0  0 1-0 ’04  mm.  diam.)  .... 

9-6 

8-9 

Fine  silt  (0‘002-0'01  mm.  diam.)  . 

6-0 

14-0 

Finest  silt  ....... 

4-8 

15-0 

Clay . 

27-8 

341 

Soluble  in  hydrochloric  acid  .... 

5-8 

3-6 

Loss  on  ignition . 

7-6 

7-8 

Total 

100-0 

100-0 

The  gravel,  sand,  and  silt  are  found  to  be  devoid  of  the  properties  usually 
associated  with  clay.  That  portion  of  the  original  clay  to  which  the  “  clayey  ” 


1  The  primary  muscovite  may  he  recognised  in  the  coarse  muds  when  china-clay  rock 
is  washed. 

®  These  remarks  apply  particularly  to  English  china-clay,  in  which  the  kaolinite  may  be 
described  as  a  pseudomorph  after  secondary  muscovite. 

®  Analyses  communicated  by  Mr  A.  G.  Hopkins ;  for  method  of  analysis,  see  Hall, 
Trans.  Cliem.  Soc.,  1904,  85,  950.  Some  ceramic  chemists  adopt  other  diameters  but  use 
the  same  names  for  the  fractions. 
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properties  are  due,  consists  of  particles  considerably  smaller  than  those  of  fine 
silt.  When  the  gravel,  sand,  and  silt  have  been  removed  fi'om  a  clay,  the 
residue  is  often  spoken  of  as  “  clay  substance  ”  ;  this  expression  is  not,  however, 
a  very  happy  one,  and  it  is  perhaps  better  to  use  the  term  “  argillaceous  matter” 
for  the  purpose.  The  argillaceous  matter  is  neA'er  homogeneous,  and  in  the 
case  of  the  commoner  clays,  such  as  brick-clays,  it  may  contain  notable  propor¬ 
tions  of  such  substances  as  finely  divided  ferric  oxide  and  calcium  carbonate 
(chalk)  unless  the  clay  was  treated  with  hydrochloric  acid  before  analysis.  The 
figures  given  serve  to  show  the  small  proportion  of  “  true  clay  ”  that  exists  in 
many  of  the  commoner  clay  deposits. 

Microscopic  examination  usually  reveals  the  presence  of  particles  of 
felspar  or  mica  (or  both),  but  in  comparatively  few  clays  has  the  presence  of 
the  mineral  kaolinite  been  established  with  certainty.^  Felspar,  mica,  and 
some  form  of  silica  (quartz)  are  so  frequently  present  that  they  may  be  looked 
upon  as  normal  constituents.  Of  the  numerous  secondary  rock-forming 
minerals  that  occur  in  clays  in  small  quantities  perhaps  the  most  ubiquitous 
is  rutile^  (TiOg).  The  almost  invariable  occurrence  of  titanium  in  clays  was 
noted  in  1862  by  Riley  the  amount  of  titanic  oxide,  however,  seldom 
exceeds  2  per  cent.,  and  in  many  clay  analyses  it  is  (unconsciously)  included 
with  the  alumina. 

Of  the  various  other  mineral  species  present  in  transported  clays  the  most 
important  are  limonite,  2Fe203.3H20 ;  haematite,  Fe203  ;  magnetite,  Fe304 ; 
siderite,  FeCOg ;  pyrite  and  marcasite,  FeSg ;  chalk  and  limestone,  CaCOg ; 
magnesite,  MgCOg  ;  dolomite  (Ca,Mg)COg ;  and  gypsum,  CaS04.2H20.  A  clay 
that  contains  more  than  4  or  5  per  cent,  of  admixed  chalk  is  called  a  malm 
or  marl ;  a  clay  rich  in  sand  is  termed  a  loam.  Small  amounts  of  soluble 
salts,  chiefly  sodium,  potassium  and  magnesium  sulphates,  phosphates  and 
chlorides  occur  in  many  clays,  and  carbonaceous  matter  is  seldom  absent, 
although  clays  differ  widely  in  the  amount  they  contain.  Clays  also 
contain  hygroscopic  moisture  or  mechanically  admixed  water,  removable  at 
105°-110°  0.,  while  a  further  amount  of  water  may  be  obtained  from  them 
at  a  red  heat  by  the  decomposition  of  the  aluminosilicic  acids  present. 

The  methods  used  for  the  ultimate  chemical  analysis  of  a  clay  are  those 
regularly  employed  in  the  analysis  of  silicate  rocks.'*  Results  are  usually 
expressed  as  percentages  of  acidic  and  basic  oxides.  Analyses  of  kaolinite 
and  a  number  of  typical  English  clays  are  given  in  the  table  on  page  108.^ 
In  certain  cases  it  is  necessary  to  determine  more  precisely  the  nature  of 
the  “loss  on  ignition,”  by  estimating  separately  the  water,  carbon  dioxide, 
carbon  present  as  organic  matter,  etc.  Moreover,  the  figure  shown  for 
“ferric  oxide”  is  usually  only  a  measure  of  the  total  iron  present,  without 
reference  to  its  mineralogical  source  or  sources  and  its  state  of  oxidation. 

It  is  difficult  and  often  impossible  to  determine  the  quantitative,  or  even 
the  qualitative,  composition  of  a  transported  clay  in  terms  of  -the  minerals 


1  See  Hickling,  loc.  dt. ,  for  a  review  of  the  evidence. 

^  Hussak.  Spreclisaal,  1889,  22,  136,  154  ;  Teall,  Min.  Mag.,  1885-7,  7j  201  ;  Vogt,  La 
Giramigue,  1903,  6,  68. 

^  Riley,  Quart.  J.  Cheni.  Soc.,  1862.  15,  311. 

«  For  the  analysis  of  clays,  see  especially  Mellor,  A  Treatise  on  Quantitative  Inorganic 
Analysis  (C.  GriflBn  &  Co.,  Ltd.,  1913). 

®  Analyses  1  and  2  by  Mellor  and  Holdcroft  {Trans.  Eng.  Cer.  Soc.,  1911,  9,  94  ;  1912, 
10,  169) ;  analyses  3,  4,  5,  and  6  communicated  by  Mr  A.  G.  Hopkins.  The  data  refer  to 
samples  dried  at  110°  C.  The  mechanical  analysis  of  4  and  5  is  given  in  the  table  on  p.  106. 
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present ;  a  fundamental  difficulty  arises  in  connection  with  the  nature  of  the 
“true  clay”  present.  Of  what  mineral  or  minerals  is  it  constituted?  In  the 
case  of  the  plastic  ball-clays  some  approach  to  a  definite  answer  may  be  given. 
These  clays  on  careful  elutriation  and  sedimentation  yield  a  residue  which 
consists  mainly  of  amorphous  material  and,  though  never  entirely  free  from 
foreign  mineral  particles,  its  analysis  approximates  very  closely  to  that  of 
the  crystalline  mineral  kaolinite.  From  this  fact  it  has  often  been  inferred 
that  the  basis  of  all  clays  is  an  aluminosilicic  acid  (or  hydrated  aluminium 
silicate)  of  the  formula  H4Al2Si209  (or  Al2Og.2SiO2.2H2O),  an  inference  some¬ 


Constituent  Estimated. 

1 

■■ 

2 

3 

4 

5 

6 

Kaolinite 
( G  lamorganshire) . 

China-clay 
(Lee  Moor,  Devon). 

Ball-clay 

(Dorsetshire). 

“  Blue  Brick  ”  clay 

(Staffordshire). 

Red-burning  Brick- 

clay  (Berkshire). 

Fireclay 

(Stourbridge,  Staffs. ). 

Silica  (Si02)  ..... 

45-04 

47-10 

50-51 

58-96 

70-37 

62-88 

Titanic  oxide  (Ti02)  .... 

nil 

0-13 

0-84 

0-91 

trace 

0-73 

Alumina  (AI2O3)  .... 

38'68 

39-42 

34-22 

19-61 

13-45 

25-26 

Ferric  oxide  (FegOg)  .... 

0T4 

0-23 

1-74 

9-51 

6-09 

1-71 

Magnesia  (MgO)  .... 

0-01 

0-24 

0-02 

1-45 

1  35 

0-04 

Lime (CaO)  ..... 

0-38 

0-31 

0-43 

0-65 

0-66 

0-33 

Potash  (K2O) . 

0T8 

0-16 

0-81 

1-28 

1-38 

0-19 

Soda  (NajO)  ..... 

0-13 

0-08 

1-65 

1-23 

1  39 

0-28 

Loss  on  ignition  (H2O,  etc. ) 

15-941 

12-24 

9-59 

6-27 

4-77 

8-87 

Total 

100-40 

99-91 

99-81 

99-87 

99-46 

100-29 

times  expressed  by  saying  that  clays  are  composed  of  true  clay  or  kaolinite 
associated  with  various  other  minerals.  It  is,  however,  very  undesirable  that 
the  name  kaolinite  should  be  employed  to  denote  anything  but  the  crystalline 
mineral,  and  it  is  at  least  premature,  and  most  probably  erroneous,  to  conclude 
that  only  one  aluminosilicic  acid  exists  in  clays.  A  number  of  minerals 
which  are  presumably  aluminosilicic  acids  of  a  somewhat  similar  nature  to 
kaolinite,  e.g.  allophane,  collyrite,  pholerite,  nacrite,  rectorite,  halloysite, 
newtonite,  pyrophyllite,  montmorillonite,  etc.,  are  known.^  It  is  not  certain 
that  all  these  substances  (several  of  which  are  only  known  in  the  amorphous 
state)  are  distinct  mineral  species  ;  several  of  them  may  possibly  be  mixtures 
containing  silicic  acid  and  aluminium  hydroxide.  The  detection  of  these 
substances  in  clays  is  very  difficult,  since,  with  the  exception  of  the  china- 


1  This  includes  14 '44  per  cent.  H2O  and  0‘80  per  cent,  of  carbon. 

®  The  literature  relating  to  these  substances  is  very  confusing.  For  example,  Le  Chatelier 
gives  collyrite  the  formula  Al2O3.2SiO2.6H2O  and  regards  allophane  as  identical  with  it; 
others  give  allophane  the  formula'  Al2O3.SiO2.5H2O.  See  Doelter,  Handbuch  der  Mineral- 
cheniie,  vol.  ii.  (1914) ;  Ries,  opus  cit.  ;  Seaiie,  British  Clays,  Shales,  and  Sands  (C.  Griffin 
&  Co.,  Ltd. ,  1912).  W.  and  D.  Asch,  The  Silicates  in  Chemistry  and  Commerce,  transl.  by 
A.  B.  Searle  (Constable,  1913) ;  Searle,  Cement,  Concrete  and  Bricks  (Constable,  1913). 
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clays  and  ball-clays,  the  “true  clay”  present  can  ra^rely  be  isolated  in  any¬ 
thing  like  a  pure  state ;  from  the  work  of  van  Bemmelen,  however,  it  appears 
that  collyrite,  the  only  member  of  the  series  that  is  decomposed  by  hydro¬ 
chloric  acid,  is  present  in  numerous  clays. ^  Le  Chatelier  ^  has  proposed  to 
identify  the  different  aluminosilicic  acids  by  means  of  certain  thermal  changes 
that  may  be  observed  when  they  are  heated,  and  by  this  method  he  claims  ^ 
to  have  established  the  identity  of  halloysite  and  pholerite  with  the  alumino¬ 
silicic  acid  present  in  china-clay. 

At  the  present  time  it  is  usually  considered  that  the  “  true  clay  ”  present 
in  a  transported  clay  consists  of  aluminosilicic  acid  or  mixture  of  such  acids, 
sometimes  with  free  silicic  acid  and  aluminium  hydroxide.'^  Although  in 
the  case  of  the  ball-clays  (and  probably  numerous  other  clays)  the  “true 
clay  ”  has  the  same  composition  as  kaolinite,  it  is  not  correct  to  consider  that 
it  is  an  amorphous  form  of  that  mineral,  or  that  it  is  identical  with  clayite 
(p.  105).  It  differs  from  the  latter  firstly  in  that  its  particles  are  much  smaller 
and  do  not  seem  to  have  been  shown  to  be  crystalline,  and  secondly  in  that 
it  is  extremely  plastic.  Accordingly,  Searle  ®  distinguishes  the  “  true  clay  ”  of 
ball-clays  and  other  highly  plastic  transported  clays  by  the  term  pelinite. 

Attempts  to  determine  the  mineralogical  composition  of  clays  are  often 
made,  based  upon  the  fact  that  the  “  true  clay  ”  they  contain  is  attacked  by 
concentrated  sulphuric  acid.  When  a  clay  is  heated  with  concentrated 
sulphuric  acid  the  “true  clay”  contained  in  it  is  decomposed  with  the 
production  of  aluminium  sulphate  and  silicic  acid  hydrogel,  and  these  may  be 
removed  by  digesting  the  mass  alternately  with  sodium  hydroxide  or  carbonate 
and  hydrochloric  acid.®  The  loss  in  weight  which  the  clay  undergoes  is  often 
regarded  as  representing  the  “true  clay”  or  “clay  substance”  present.  The 
non-plastic  residue  is  then  regarded  as  being  a  mixture  of  felspar  or  mica  and 
quartz.  The  silica  and  alumina  it  contains  are  determined  and  the  equivalent 
amounts  of  felspar  or  mica  and  quartz  are  calculated. 

An  analysis  of  clay  carried  out  according  to  the  scheme  just  outlined  is 
called  (or  rather  miscalled)  a  rational  analysis.  It  is  based  upon  the 
assumption  that  only  the  “  true  clay  ”  is  rendered  soluble  by  sulphuric  acid, 
whereas  it  is  known  that  mica  is  always  more  or  less  attacked,  the  extent 
varying  with  the  nature  of  the  mica,  its  state  of  subdivision,  the  concentra¬ 
tion  of  the  acid,  and  the  time  of  heating.  Felspar  is  also  attacked,  but  not 
so  readily  as  mica.  Hence  the  material  decomposed  by  the  sulphuric  acid 


1  Van  Bemmelon,  Zeitsch.  anorg.  Ghem.,  1904,  42,  265;  1909,  62,  221  ;  1910,  66,  322. 

2  Le  Chatelier,  Compt.  rend.,  1887,  104,  1443,  1517  ;  Bull.  Soc.  franq.  Min.,  1887, 
10,  207. 

^  Le  Chatelier,  La  silica  at  las  silicates  (Paris,  1914). 

*  Clays  rich  in  free  aluminium  hydroxide  are  termed  laterite  days  or  laterites  and  are 
particularly  abundant  in  the  tropics.  It  is  supposed  that  under  tropical  conditions  ordinary 
clays  are  slowly  decomposed  into  free  silica  and  alumina  (see  van  Bemmelen,  loc.  cit.  ;  Lacroix, 
Comp,  rend.,  1914,  159,  617  ;  Fermor,  Gaol.  Mag.,  1915,  2,  28,  77,  123).  It  has  been 
suggested  that  the  bauxites  (p.  73)  are  clays  in  which  the  laterisation  is  very  advanced. 

5  Searle,  The  Natural  History  of  Clay  {Ga.mbT:idg&  University  Press,  1912),  p.  148. 

®  According  to  Asch  and  Asch  {opus  dt.)  the  effect  of  heating  true  clay  with  sulphuric 
acid  is  not  the  production  of  aluminium  sulphate  and  silicic  acid  but  the  formation  of  a 
remarkably  stable  soluble  aluminosilicic  anhydride  and  the  separation  of  some  free  silica. 
In  the  pure  primary  clays  the  number  of  aluminosilicic  acids  present  is  limited  and  the 
composition  of  the  soluble  anhydride  is  consequently  constant,  but  transported  clays  have 
usually  derived  their  “true  clay  ”  from  several  sources  so  that  it  probably  contains  several 
aluminosilicic  acids  and  the  true  nature  of  the  mixed  soluble  anhydrides  cannot  then 
be  ascertained. 
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is  not  merely  the  “  true  clay  ”  present.  Again,  many  of  the  commoner  clays 
contain  considerable  quantities  of  chalk,  siderite,  and  hsematite,  or  notable 
amounts  of  colloidal  silicid  acid  or  organic  matter,  which  must  be  determined 
separately  and  their  influence  on  the  rational  analysis  allowed  for;  hence 
whilst  with  the  purer  kaolins  the  errors  may  be  only  small,  with  common 
clays  this  method  of  analysis  is  of  little  or  no  value  and  is  frequently  mis¬ 
leading.  In  fact,  many  rational  analyses  of  clays  recorded  in  the  literature 
are  quite  inconsistent  with  the  ultimate  analyses  of  the  same  clays.^  Hence, 
as  Searle  ^  has  pointed  out,  a  consideration  of  the  ultimate  chemical  analysis 
and  a  microscopic  examination  of  a  clay  is,  at  present,  the  most  satisfactory 
method  of  arriving  at  an  approximate  idea  of  its  mineralogical  composition. 

Physical  Properties  of  Clays. — Most  clays  are  fairly  soft  solid  bodies, 
particularly  when  moistened  with  water ;  they  have  a  characteristic  “  argil¬ 
laceous  ”  odour,  which  is  usually  attributed  to  the  presence  of  organic  matter. 
The  true  density  usually  varies  between  2 ’50  and  2 ‘65,  but  as  some  clays 
are  more  porous  than  others  the  apparent  density  varies  very  considerably. 

Freshly  dug  clays  vary  very  considerably  in  colour,  from  nearly  white  to 
almost  black ;  most  commonly  they  are  yellow,  grey,  or  greyish-brown.  The 
colour  is  due  partly  to  the  organic  matter  present  and  partly  to  the  presence 
of  certain  minerals,  usually  compounds  of  iron  (haematite,  limonite,  siderite) ; 
colour  is  accordingly  no  reliable  criterion  of  the  purity  of  a  clay  or  of  the 
colour  it  will  become  when  burned  in  a  kiln  or  pottery  oven. 

A  very  obvious  and  extremely  important  property  of  a  moist  clay  is  its 
plasticity,  or  ability  to  change  its  shape  without  rupture  when  submitted  to 
pressure  and  to  retain  its  new  shape  when  the  pressure  is  removed.  Different 
kinds  of  clays  vary  enormously  in  their  degrees  of  plasticity.  No  entirely 
satisfactory  method  for  measuring  the  plasticity  of  clay  has  yet  been  devised. 

A  decidedly  plastic  clay  has  the  power  of  remaining  plastic  when  other 
finely  divided  but  non-plastic  materials,  e.g.  sand  and  brick-dust,  are  incor¬ 
porated  into  it.  In  general,  the  more  plastic  a  clay  the  greater  the  amount 
of  non-plastic  material  which  it  can  thus  “  bind,”  and  the  more  finely  divided 
the  added  substance  the  smaller  is  its  effect  in  reducing  the  tensile  strength 
of  the  clay. 

Owing  to  its  heterogeneous  character  a  dry  clay  is  porous,  i.e.  its  apparent 
volume  includes  the  volume  of  a  considerable  quantity  of  air ;  this  may  be 
roughly  estimated  by  determining  the  quantity  of  inert  liquid  which  it  can 
absorb  without  changing  its  volume.  If  a  little  water  is  added  in  small 
quantities  the  clay  first  becomes  granular  and  then  pasty.  The  addition  of 
a  still  further  quantity  of  water  separates  the  particles  to  such  an  extent 
that  the  cohesion  is  destroyed,  the  clay  “  runs,”  and  a  fluid  clay  “  slip  ”  or 
“  slurry”  is  produced. 

When  a  clay  that  has  been  kneaded  into  a  plastic  mass  with  water  is  set 
aside  in  the  open,  evaporation  of  water  commences  at  the  surface.  As  the 
surface  water  evaporates  it  is  replenished  from  within  the  mass,  and  as  long 
as  there  is  any  water  between  the  clay  particles  the  process  of  drying  is 
attended  by  a  shrinkage  in  the  volume  of  the  mass.  A  stage  is  eventually 
reached  when  the  solid  particles  are  in  direct  contact  with  one  another. 


1  Mellov,  Collected  Papers,  1914,  vol.  i.  p.  109,  and  A  Treatise  on  Quantitative  Inorganic 
Analysis,  1913  (0.  Griffin  &  Co.,  Ltd.),  chap,  xliv.,  where  a  critical  discussion  of  the  method 
of  rational  analysis  will  be  found. 

^  Searle,  opus  cit. 
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and  the  removal  of  the  remaining  small  amount  of  water  is  not  attended  by 
any  further  shrinkage.  The  amount  of  shrinkage  depends  upon  the  texture 
of  the  clay,  the  relative  proportions  of  plastic  and  non-plastic  materials  it 
contains,  the  amount  of  water  added,  and  several  other  factors,  and  a  shrink¬ 
age  in  volume  of  12  to  38  per  cent,  may  be  considered  normal.  In  the 
preparation  of  various  ceramic  products  from  clays  which  exhibit  a  large  air- 
shi’inkage,  sand  or  material  of  a  sandy  nature  is  often  added  to  reduce  the 
shrinkage,  and  an  additional  advantage  is  thereby  gained  as  the  increased 
porosity  permits  the  mass  to  be  dried  more  rapidly  and  minimises  danger 
from  cracking. 

Many  theories  have  been  advanced  to  account  for  the  plasticity  of  \vet 
clay,  but  not  one  can  be  considered  as  wholly  satisfactory.  ^  In  a  general 
way  it  may  be  stated  that  each  solid  particle  present  in  the  clay  must  be 
surrounded  by  a  film  that  is  coherent  and  self-healing.^  In  the  opinion  of 
Le  Chatelier®  the  film  is  composed  merely  of  water,  the  coherency  of  the 
plastic  mass  being  attributed  to  (i.)  the  lamellar  structure  of  the  clay 
particles,  which  can  accordingly  slip  over  one  another  readily  like  the 
various  units  in  a  pack  of  cards,  and  (ii.)  the  presence  of  minute  air-bubbles 
in  the  mass,  on  account  of  which  innumerable  capillary  menisci  are  pro¬ 
duced  and  the  lamellar  particles  held  tightly  together  by  the  operation  of 
surface  tension. 

It  is  an  undoubted  fact  that  very  finely  divided  ^  kaolinite,  mica,  glauco- 
phane,  calcite,  gypsum,  and  other  minerals  which  readily  cleave  into  plates, 
acquire  a  certain  plasticity  when  mixed  with  the  requisite  amount  of  water ; 
yet,  while  it  is  possible  that  Le  Chatelier’s  explanation  of  plasticity  may  account 
satisfactorily  for  the  feeble  plasticity  of  the  kaolins,  it  is  improbable  that  it 
can  be  more  than  a  minor  cause  of  the  plasticity  of  the  highly  plastic 
secondary  clays,  even  if  it  be  granted  that  with  a  smaller  size  of  clay  particle 
the  plasticity  would  be  augmented.  , 

It  is  difficult  to  connect  plasticity  with  chemical  composition,  as  clays 
which  yield  almost  identical  results  upon  analysis  may  differ  widely  in 
plasticity;  moreover,  clays  that  are  richest  in  “clay  substance”  are  often 
less  plastic  than  those  which  are  less  pure,  so  that  although  many  authorities 
have  attributed  plasticity  to  a  peculiar  structure  of  the  clay  molecule,  such 
an  explanation  should  not  be  hastily  accepted.^ 

There  is  considerable  evidence  for  the  view  that  most  clays  contain 
colloid  matter,^  and  that  the  plasticity  of  a  clay  is  closely  connected  with 
the  quantity  of  colloid  matter  present.  Ashley,  in  a  discussion  of  this 
subject,®  considers  that  both  inorganic  and  organic  colloids  may  occur  in 
clays.  The  former  include  amorphous  alurainosilicic  acids,  silicic  acid,  ferric 
hydroxide,  and  occasionally  aluminium  hydroxide;  the  latter,  which  have 
been  produced  from  vegetable  matter,  are  usually  referred  to  as  “  humus  ” 


1  The  more  important  theories  have  been  carefully  summarised  by  Searle,  British  Clays, 
Shales,  and  Sands  (0.  Griffin  &  Go.,  Ltd.,  1912). 

^  Bancroft,  J.  Physical  Ohem.,  1914,  i8,  783. 

^  Le  Chatelier,  opus  cit.  (p.  109).  See  also  S.  W.  Johnson  and  J.  M.  Blake,  Amer.  J. 
Sei.,  1867,  [ii.],43.  351. 

■*  For  an  attempt  to  connect  the  plasticity  of  clay  with  the  chenucal  constitution  of  the . 
clay  molecule,  see  W.  and  D.  Asch,  opus  cit. 

^  First  suggested  by  Way,  J.  Boy.  Agric.  Soc.,  18.60,  ii,  313,  and  Schloesing,  Compt. 
rend.,  1874,  79,  376,  473. 

®  Ashley,  Bull.  U.S.  Geol.  Survey,  1909,  No.  388,  where  numerous  references  to  the 
literature  may  be  found. 
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or  “  humic  acid.”  It  has  been  suggested  by  some  that  the  organic  colloids 
are  the  most  important,^  but  this  cannot  be  regarded  as  proved.  On  the 
colloid  theory  of  plasticity,  a  wet,  plastic  mass  of  clay  is  regarded  as  con¬ 
sisting  of  innumerable  minute  solid  mineral  particles  disseminated  through¬ 
out  a  gelatinous,  colloidal  hydrogel  or  mixture  of  hydrogels,  saturated  with 
water. 

A  hydrogel  such  as  precipitated  silicic  acid  shrinks  very  largely  in 
volume  on  drying,  and  when  dried  at  a  fairly  low  temperature  forms  a 
very  hygroscopic  mass  which  can  take  up  a  considerable  amount  of  water 
without  appearing  wet.  In  these  respects  it  closely  resembles  a  plastic  clay. 
Plastic  clays  are  in  various  other  respects  similar  to  hydrogels,  e.g.  they 
adsorb  substances  selectively  from  aqueous  solutions.  The  adsorbed  sub¬ 
stances  may  be  either  metallic  salts  or  organic  dyes  of  a  colloidal  nature.^ 
The  adsorption  of  1  or  2  per  cent,  of  certain  organic  colloids  such  as 
gallotannic  acid  and  catechu  increases  the  plasticity  of  a  clay.®  Ashley  has 
proposed  to  measure  the  plasticity  of  a  clay  by  its  power  to  adsorb  methy¬ 
lene  blue. 

The  presence  of  reversible  colloids  in  a  plastic  clay  is  suggested  by  the 
manner  in  which  the  viscosity  of  clay  slips  is  influenced  by  the  presence  of 
metallic  salts.^  For  instance,  a  plastic  clay  which  has  been  worked  up  with 
water  into  a  very  viscous  mass  may  be  transformed  into  a  mobile  liquid  by 
the  addition  of  a  little  sodium  hydroxide  or  carbonate,  and  reconverted 
into  a  viscous  mass  by  the  further  addition  of  a  little  hydrochloric  acid. 
The  explanation  is  probably  as  follows.®  The  colloids  present  in  clays  are 
negatively  charged  when  in  colloidal  suspension,  and  accordingly  it  is  mainly 
the  positive  ions  of  the  electrolytes  added  that  are  of  influence  in  producing 
their  coagulation.  All  clays  contain  soluble  salts  to  some  extent,  although 
it  may  often  be  but  a  slight  one,  and  of  the  ions  into  which  they  dissociate 
the  positive,  bivalent  calcium  ion  has  most  effect  in  preventing  the  hydrogels 
present  from  passing  into  hydrosols  when  the  clay  is  stirred  up  with  water. 
The  addition  of  sodium  carbonate  leads  to  the  removal  of  the  calcium 
ions  and  their  replacement  by  univalent  sodium  ions  which,  being  of 
lower  valency,  are  less  able  to  prevent  the  conversion  of  gel  into  sol.® 
On  this  view  the  addition  of  sodium  carbonate  little  by  little  would  be 
expected  first  to  facilitate  sol  formation  and  thus  diminish  the  viscosity 
until  the  calcium  was  precipitated,  and  then,  with  increasing  concentra¬ 
tion  of  sodium  ions,  to  facilitate  the  reverse  change  from  sol  to  gel  and 
so  increase  the  viscosity. This  is  precisely  how  the  viscosity  is  observed 


1  See,  e.g.,  Stewart,  J.  Ind,  Eng.  Chem.,  1913,  5,  421. 

2  Way,  J.  Roy.  Agric.  Soc.,  1850,  li,  313;  Hirsch,  Tonind.  Zeit.,  1901,  28,  491  ;  Ries, 
Trans.  Anier.  Cer.  Soc.,  1904,  6,  44 ;  Ashley,  loc.  cit. 

^  Acheson,  Trans.  Amer.  Cer.  Soc.,  1904,  6,  31. 

■*  Simonis,  Sprechsaal,  1905,  38,  597,  881,  1625  ;  1906,  39,  169,  1167,  1184  ;  Bleininger, 
Trans.  Amer.  Cer.  Soc.,  1908,  10,  389  ;  Mellor,  Green,  and  Baugh,  Trans.  Eng.  Cer.  Soc., 
1908,  6,  161,  or  Mellor,  Collected  Papers,  vol.  i.  p.  88  ;  Back,  Trans.  Amer.  Cer.  Soc., 
1914,  i6,  515  ;  Bleininger,  J.  Franklin  Inst.,  1916,  180,  225. 

®  W.  and  D.  Asch  {opm  cit.)  consider  that  the  addition  of  .small  quantities  of  alkali 
converts  clays  into  strongly  acid  salts  by  replacing  only  one  or  two  hydrogen  atoms  in  a 
highly  complex  molecule.  They  also  consider  that  the  addition  of  a  weak  acid  replaces  the 
alkali  metal  by  hydrogen  and  restores  the  original  clay  molecule.  They  find  confirmation 
of  their  views  in  the  differential  behaviour  of  china-clay,  which  had  been  treated  with  soda, 
to  strong  and  weak  acids  respectively. 

8  See  Vol.  I.  p.  84. 

’  F.  Foerster,  Chem.  Ind.,  1905,  28,  733. 
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to  vary.^  The  great  value  of  sodium  carbonate  in  the  production  of  a  fluid 
slip  containing  a  minimum  of  water  has  been  knowm  for  many  years  and  is 
utilised  in  preparing  ceramic  bodies  by  the  method  of  slip  casting  (p.  126). 

W.  and  D.  Asch  claim  that  their  theory  of  the  molecular  constitution  of 
clays  accounts  for  all  the  so-called  colloidal  properties  in  a  purely  chemical 
manner. 

Action  of  Heat  on  Clays. — The  simplest  case  is  that  of  the  action  of 
heat  on  china-clay  that  has  been  washed  free  from  all  but  a  very  small  per¬ 
centage  of  mica  and  quartz,  i.e.  a  mixture  of  clayite  and  kaolinite,  the  former 
being  in  great  excess.  The  decomposition  of  this  mixture  by  heat  has  been 
carefully  studied  by  Mellor  and  Holdcroft.^  At  100°  to  110°  C.  the  hygro¬ 
scopic  moisture  is  driven  off;  at  higher  temperatures  water  is  evolved  in 
consequence  of  the  breakdown  of  the  molecule.  It  is  not  possible  to  state 
any  definite  temperature  below  which  this  decomposition  ceases  ;  the  rate  of 
decomposition  increases  with  rise  of  temperature  and  is  quite  perceptible  at 
500°  C.,  the  mass  losing  weight  at  the  rate  of  1'2  per  cent,  per  hour.  As 
the  temperature  is  increased  to  a  little  above  600°,  decomposition  of  the  clay 
occurs  with  a  decided  absorption  of  heat  (about  10 "8  Cals,  per  formula-weight 
in  grams  of  clayite).  The  evidence  is  not  conclusive  on  the  matter,  but 
Mellor  and  Holdcroft  think  it  very  probable  that  this  heat  absorption  corre¬ 
sponds  with  the  following  chemical  change  : — 

H^Al^Si^Og  =  AI2O3  -1-  2Si02  +  2H2O.3 

When  the  temperature  reaches  a  little  more  than  800°  a  marked  evolution  of 
heat  is  observed,  owing  to  some  kind  of  change  (polymerisation  1)  taking  place 
in  the  alumina  (c/.  p.  72).^  At  temperatures  between  1200°  and  1300“  the 
silica  and  alumina  commence  to  reunite  ®  at  a  slow  but  perceptible  rate,  for 
crystals  of  sillimanite,  Al203.Si02,  begin  to  form  in  the  mass.  At  higher 
temperatures  (above  1700°),  owing  to  the  fusion  of  the  traces  of  mica  and 
silica  initially  present  and  the  silica  produced  from  the  decomposition  of  the 
clayite,  the  mass  commences  to  sinter,  and  it  becomes  decidedly  fluid  at 
1740°  C.® 

The  thermal  changes  observed  with  china-clay  at  temperatures  just  above 
500°  and  800°  are  also  noticed  when  the  pure  mineral  kaolinite  is  heated ;  ’’ 


i  For  further  information  on  the  colloidal  theory  of  plasticity,  see  Ashley,  loc.  dt. ; 
Rohland,  Bia  Tone  (Vienna,  1909);  Rohland,  Zeitsch.  anorg.  Ohem.,  1902,  31,  168; 
SpTechsaal,  1906,  39,  129,  1371  ;  Biocliem.  Zeitsch.,  1912,  46,  374;  Kolloid  Zeitsch.,  1914, 
14,  193;  Cushman,  J.  Amer,  Chem.  Soc.,  1903,  25,  451;  Trans.  Amer.  Cer.  Soa.,  1904, 
6,  65  ;  N.  B.  Davis,  ibid.,  1914,  16,  65  ;  Bull.  Amer.  Inst.  Mng.  Eng.,  1915,  p.  301,  and 
special  treatises  on  clays. 

^  Mellor  and  Holdcroft,  Trans.  Eng.  Cer.  Soc.,  1911,  9,  94;  Mellor,  Collected  Tapers,  1914, 
vol.  i.  p.  272.  See  also  Le  Chatelier,  opus  cit.,  and  Bull.  Soc.  frang.  Min.,  1887,  10,  207  ; 
Compt.  rend.,  1887,  104,  1443,  1617  ;  Samoilov,  Bull.  Acad.  Sd.  Petrograd,  1914,  p.  779. 

®  All  that  is  certainly  known  is  that  water  is  given  off  in  the  proportion  indicated  in  the 
equation,  and  that  the  residue  is  soluble  in  dilute  hydrochloric  acid.  This  is  incompatible 
with  the  production  of  free  silica,  and  is  regarded  by  some  chemists  as  indicating  the 
formation  of  a  soluble  aluminosilicic  anhydride  Al2a;Sij,03j:+g„  which  polymerises  or 
decomposes  and  becomes  insoluble  on  further  heating.  See  W.  and  D.  Asch,  opus  dt. 

^  Or  in  the  aluminosilicic  anhydride  {cf,  preceding  footnote). 

®  Or  the  aluminosilicic  anhydride  to  decompose, 

8  Kanolt,  A  Washington  Acad.  Sd.,  1912,  2,  337  ;  Tech.  Papers,  Bur.  Stand,,  1912, 
No,  10. 

Mellor  and  Holdcroft,  Trans.  Eng.  Cer.  Soc.,  1912,  10,  169  ;  Mellor,  Collected  Papers, 
1914,  vol.  i.  p.  297. 
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this  is  a  strong  argument  in  favour  of  the  view  that  clayite  and  kaolinite  are 
the  same  substance  in  different  degrees  of  subdivision  or  different  physical 
conditions. 

Little  is  known  of  the  action  of  heat  upon  the  other  aluminosilicic  acids 
which  are  thought  to  exist  in  clays, ^  but  it  is  at  least  very  probable  that  at 
temperatures  above  500°  or  thereabouts  they  behave  Hke  kaolinite. 

Ordinary  clays  are  heterogeneous,  and  hence  cannot  be  said  to  have 
melting-points  in  the  true  sense  of  the  term.  Of  the  variously  finely  divided 
minerals  present  in  them,  some,  e.g,  the  felspars  and  micas,  have  definite  melting- 
points,  while  others,  e.g.  chalk,  dolomite,  siderite,  pyrites,  gypsum,  etc.,  when 
heated,  undergo  chemical  decomposition  at  temperatures  below  the  melting- 
points  of  the  former,^  with  the  production  of  substances  of  very  high 
melting-point  (lime,  magnesia,  ferrous  oxide,  etc.).  These  substances,  however, 
are  basic  in  chemical  character,  and  react  with  silica,  micas,  and  felspars  at 
temperatures  of  about  900°  to  1000°,  i.e.  considerably  below  the  melting-points 
of  these  substances,®  with  the  production  of  molten  silicate  mixtures.  As  the 
heating  is  continued  and  the  temperature  rises,  the  felspars  and  micas,  still  un¬ 
changed,  commence  to  melt.  The  felspars,  micas,  lime,  magnesia,  etc.,  in  a 
clay  are  accordingly  said  to  be  the  fluxes  present.  It  is  a  curious  fact  that, 
except  in  the  presence  of  lime,  ferric  oxide  does  not  appear  to  act  as  a  flux 
but  rather  as  an  infusible  material ;  ferrous  oxide,  however,  is  a  powerful 
flux.  Titanic  oxide  is  an  acidic  oxide  which,  like  silica,  acts  as  a  flux  in 
refractory  clays. 

mhe  fusibility  of  a  clay  depends  upon  the  nature  and  amount  of  the  fluxes 
present.  Bearing  in  mind  that  ferric  oxide  may  or  may  not  act  as  a  flux,  the 
amount  of  fluxes  present  may  be  seen  from  t]|p  ultimate  analysis  j  the  sum  of 
the  alkalies,  lime,  magnesia,  “  ferric  oxide,”  and  titanic  oxide  is  often  spoken  of 
as  the  amount  of  fluxing  impurities  contained  in  the  clay.  Concerning  the 
nature  of  the  fluxes  present,  it  may  be  said  that  the  alkalies  are  contained 
almost  entirely  in  the  micas  and  felspars,  which  minerals  also  account  for  at 
least  part,  and  sometimes  practically  all,  of  the  lime  and  magnesia  present. 
The  presence  of  above  5  per  cent,  of  lime  is,  however,  an  almost  certain 
indication  that  free  calcium  carbonate  is  present  in  the  clay. 

The  action  of  heat  on  a  natural  clay  is  such  that  at  a  certain  tempera¬ 
ture,  which  may  be  as  low  as  about  900°  C.  or  several  hundred  degrees 
higher  according  to  the  nature  of  the  clay,  molten  material  commences  to 
form  in  it.  This  fluid,  which  is  very  viscous,  acts  as  a  kind  of  “cement,” 
binding  the  still  unfused  particles  together;  on  cooling,  the  “cement” 
sets  to  an  amorphous  “glass,”  instead  of  crystallising,  and,  unless  the 
proportion  of  fluxes  is  too  small  or  the  time  of  heating  too  short,  a  hard 
porous  mass  having  considerable  crushing  strength  is  obtained. 


^  See,  however,  Le  Chatelier,  loc.  cit. 

2  E.g.  the  dissociation-pressure  of  calcium  carbonate  reaches  the  value,  of  one  atmosphere 
at  898°  0.  (Johnston,  J.  Amer.  Chem.  Soc.,  1910,  32,  938). 

*  The  melting-points  of  the  alkali  felspars  albite  and  orthoclasc  are  not  known  with 
much  accuracy,  but  are  rather  lower  than  1200°  0.;  Bowen  gives  the  value  1100+10°  C. 
for  albite.  The  melting-points  of  the  plagioclase  felspars  rise  steadily  with  increase  of 
calcium  content  from  c.  1100°  C.,  the  melting-point  of  albite,  to  15.'i0°  0.,  the  melting- 
pint  of  anorthite  (Day  and  Allen,  Amer.  J.  Sci.,  1905,  [iv.],  19,  93;  Day  and  Sosman, 
ibid.,  1911,  [iv.],  31,  341  ;  Bowen,  ibid.,  1913,  [iv.],  35,  577).  See  also  Joly,  Proc.  Eou. 
Irish  Acad.,  1891,  [iii.],  2,  33;  Cusack,  ibid.,  1893,  [iii.],  4,  339;  Doelter,  Tsch.  Min. 
Milt.,  1901,  20,  210  ;  1902,  21,  23.  White  mica  or  muscovite  is  not  such  a  readily  fusible 
flux  as  an  alkali  felspar  ;  see  R.  T.  Stull,  Trans.  Amer.  Cer.  Soc.,  1902,  4,  255. 
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If  the  period  of  heating  is  prolonged,  more  and  more  of  the  fluxes  enter 
into  the  fluid  state.  The  surface  tension  between  fluid  and  solid  causes  the 
solid  particles  to  he  drawn  closer  and  closer  together,  and  this,  with  the  flow 
of  fluid  into  the  pores,  diminishes  the  porosity  of  the  heated  clay.  At  the 
same  time  the  fluid  exerts  a  solvent  action  upon  the  solid  particles.  The 
entire  process  is  spoken  of  as  the  vitrification  of  the  clay.  The  speed  at 
which  the  vitrification  proceeds  at  a  given  temperature  depends  upon  the 
composition  of  the  clay  and  on  its  texture,  i.e.  the  sizes  of  the  various  kinds 
of  particles  present ;  quartz,  for  instance,  is  more  readily  dissolved  by  the 
molten  fluxes  when  very  finely  divided  than  when  it  is  present  in  coarse 
grains.  By  raising  the  temperature,  the  rate  of  vitrification  is  accelerated. 

When  the  period  of  heating  of  the  clay  is  sufficiently  prolonged  at  an 
assigned  temperature,  it  may  happen  that  the  vitrification  is  carried  so  far 
that  the  mass  is  no  longer  capable  of  retaining  its  shape,  i.e.  it  softens.  The 
more  readily  a  clay  softens  the  less  refractory  it  is  said  to  be.  The  softening 
of  the  mass  is  detei’mined  by  the  ratio  of  the  fused  to  the  unfused  material 
present,  i.e.  by  the  extent  to  which  vitrification  has  proceeded,  and  by  the 
viscosity  of  the  fused  material.  As  the  vitrification  is  caused  by  slow  re¬ 
actions  in  heterogeneous  systems,  the  temperature  of  softening  is  not  a 
measure  of  the  refractoriness  of  a  clay  without  reference  to  the  manner  in 
which  it  is  heated,  for  the  temperature  of  softening  will  vary  with  the  rate 
of  rise  in  the  temperature  of  the  clay,  with  the  chemical  changes  undergone 
by  the  clay,  with  the  use  of  an  oxidising  or  a  reducing  atmosphere,  and  with 
the  pressure,  since  a  viscous  fluid  which  is  incapable  of  flowing  under  its 
own  weight  may  be  caused  to  flow  by  subjecting  it  to  sufficient  pressure. 

When  a  clay  is  heated  to  a  tempei’ature  at  which  vitrification  will  proceed, 
and  maintained  at  that  temperature,  it  does  not  follow  that  vitrification  will 
continue  until  the  mass  softens.  If  the  percentage  of  fluxes  is  low,  the  fluxes 
soon  become  saturated  with  the  refractory  particles  and  form  a  solution  which 
is  practically  infusible  at  the  given  temperature.  The  temperature  must 
then  be  raised  before  the  fluxes  can  again  resume  their  work  of  dissolving  the 
refractory  particles  while  drawing  them  closer  together.  On  the  other  hand, 
the  proportion  of  fluxes  may  be  such  that,  although  the  mass  does  not  soften, 
vitrification  continues  at  the  given  temperature  until  the  porosity  of  the  mass 
has  been  reduced  practically  to  zero  and  a  stoneware  mass,  impervious  to  water, 
has  been  produced.  The  clay  is  then  said  to  have  been  completely  vitrified, 
and  clays  which  behave  in  this  manner  are  called  vitrifidble  or  stoneware  clays. 

The  extent  to  which  vitrification  proceeds  increases  with  rise  of  temperature, 
so  that  a  clay  w^hich  completely  vitrifies  at  a  given  temperature  may  not 
do  so  at  another  and  higher  temperature  without  softening  and  losing  its 
shape.  The  temperature  interval  between  the  point  of  incipient  vitrification 
and  the  softening  point  is  spoken  of  as  the  “range  of  vitrification.”  Since 
clayware  loses  its  commercial  value  when  it  softens  and  loses  its  shape,  it 
will  be  clear  that  the  production  of  stoneware  from  vitrifiable  clays  is  only 
safe  with  clays  having  a  long  range  of  vitrification  ;  if  the  range  is  short, 
disastrous  results  may  easily  occur  as  the  result  of  slight  overheating. 
It  has  been  found  that  calcareous  clays  are  those  which  have  the  shortest 
range  of  vitrification.  In  this  respect  the  fluxing  action  of  lime  is  in  marked 
contrast  with  that  of  magnesia.^ 


1  Madder,  Tonind.  ZeiL,  1904,  26,  706  ;  Hottinger,  Trans.  Amer.  Cer.  Soc.,  1903,  5, 
130  ;  Barringer,  ibid.,  1904,  6,  86. 
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The  softening  point  of  a  clay  is  iisually  determined  by  forming  a  test 
portion  into  a  small  triangular  pyramid  about  five  or  six  times  as  high  as  the 
length  of  its  base,  drying  it,  mounting  it  vertically  in  a  suitable  furnace, 
and  then  raising  its  temperature  until  the  pyramid,  or  “cone  ”  as  it  is  usually 
called,  bends  over  and  its  apex  reaches  the  level  of  the  base.  According 
to  Mellor,  if  the  temperature  is  then  tf  C.  and  the  cone  commenced  to  bend 
at  tf  C.,  the  interval  t^  to  t^  represents  the  softening  range  and  the  mean 
temperature  {t-^xtfij^  may  be  taken  as  the  softening  point:  throughout 
the  heating  a  reducing  atmosphere  should  be  avoided,  and  the  temperature 
should  be  raised  at  the  (arbitrary)  rate  of  10°  C.  per  minute.^  Mellor’s 
definitions  of  the  softening  range  and  softening  point  of  a  clay  are  not, 
however,  commonly  adopted,  and  ceramists  almost  invariably  regard  tf  C. 
as  the  softening  point.  Although  the  actual  softening  temperature  may  be 
measured  by  means  ^of  a  pyrometer,  it  is  more  customary  to  express  the 
result  by  giving  the  number  of  the  Seger  cone  that  has  the  same  softening 
point  when  heated  alongside  the  clay  under  examination.  Seger  cones  were 
originally  composed  of  suitable  mixtures  of  washed  Zettlitz  kaolin,  Rbrstrand 
felspar,  Norwegian  quartz,  Carrara  marble,  and  pure  ferric  oxide ;  they  were 
numbered  from  1  to  39  in  the  order  of  increasing  softening  points.  Cramer 
and  Hecht,  by  adding  boric  acid  and  lead  oxide  to  the  list  of  ingredients, 
added  the  more  fusible  cones,  numbered  01,  02,  03  ...  to  022  ;  the  softening 
points  associated  with  the  Seger  cones  then  ranged  from  600°  C.  (cone  022) 
to  1880°  C.  (cone  39).^ 

The  bending  points  of  Seger  cones  only  correspond  to  definite  tempera¬ 
tures  when  the  conditions  of  heating  are  those  for  which  the  cones  were 
designed.  Thus,  while  cone  10  can  be  observed  to  soften  at  about  1300°  C. 
when  heated  in  a  small  gas  muffle,  yet  when  its  temperature  is  very  slowly 
raised  in  a  large  kiln,  taking  about  four  days  to  reach  its  maximum  tempera¬ 
ture,  the  same  cone  softens  below  1200°  C.  Again,  a  fireclay  that  softened 
at  cone  33  when  heated  in  a  standard  manner,  only  softened  at  cone  35 
when  heated  in  a  rapid  injector  furnace.®  For  this  reason  Seger  was  always 
strongly  opposed  to  the  use  of  a  temperature  scale  in  connection  with  his 


^  See  Mellor,  Collected  Payers,  vol.  i.  p.  190.  The  Institution  of  Gas  Engineers  defines 
the  softening  point  as  the  temperature  at  which  the  angular  edges  of  the  test  pyramid  begin 
to  lose  their  angularity. 

®  In  1908  it  was  decided  to  suppress  cones  21  to  25,  since  their  softening  points  were 
very  close  together,  and  to  modify  the  compositions  of  a  number  of  the  other  cones.  The 
numbers  by  which  the  new  Seger  cones  are  designated,  and  the  softening  temperatures  (in 
degrees  C.)  usually  associated  with  them,  are  as  follows  (see  Sprechsaal,  1908,  p.  561) : — 


022 
021 
020 
019 
018 
017 
016 
015  a 
014a 
013  a 


600 

0l2a 

855 

02  a 

1060 

9 

1280 

19 

1520 

34 

1750 

650 

011a 

880 

01  a 

1080 

10 

1300 

20 

1530 

35 

1770 

670 

010  a 

900 

1  a 

1100 

11 

1320 

26 

1580 

36 

1790 

690 

09  a 

920 

2  a 

1120 

12 

1350 

27 

1610 

37 

1825 

710 

08  a 

940 

3  a 

1140 

13 

1380 

28 

1630 

38 

1850 

730 

07  a 

960 

4  a 

1160 

14 

1410 

29 

1650 

39 

1880 

750 

06  a 

980 

5  a 

1180 

15 

1430 

30 

1670 

40 

1920 

790 

05  a 

1000 

6  a 

1200 

16 

1460 

31 

1690 

41 

1960 

815 

04  a 

1020 

7 

1230 

17 

1480 

32 

1710 

42 

2000 

835 

03  a 

1040 

8 

1250 

18 

1500 

33 

1730 

®  Mellor,  Collected  Papers,  vol.  i.  p.  379.  See  also  Zimmer,  Trans.  Amcr.  Cer.  Soc 
1899,  I,  23. 


CLAY  AND  CERAMICS.  117 

cones.  In  general,  the  softening  temperature  of  a  clay  is  raised  by  increasing 
the  rate  of  heating  and  it  is  decreased  by  increasing  the  pressure. 

It  has  been  previously  mentioned  that  the  colour  of  a  raw  clay  is  no 
safe  criterion  of  the  colour  that  the  same  clay  develops  when  heated.  In 
general  it  may  he  said  that  clays  free  from  iron  burn  white,  those  con¬ 
taining  2  or  3  per  cent,  of  iron  oxide  burn  to  a  buff-coloured  mass,  and 
those  containing  4  to  5  per  cent,  or  more  of  iron  oxide  yield  a  red  product. 
The  colour  of  a  burned  clay  does  not,  however,  depend  merely  upon  the 
quantity  of  iron  present,  but  is  influenced  by  the  size  of  the  particles  and  the 
state  of  oxidation  of  the  iron,  the  presence  of  other  substances,  and  the 
temperature  to  which  the  clay  has  been  heated.  When  all  the  iron  present 
in  the  burned  clay  is  in  the  ferric  state,  the  tendency  is  for  the  colour  to  pass 
from  white  through  buff  to  red  as  the  amount  of  iron  increases,  the  colour 
deepening  as  the  temperature  of  firing  rises.  Calcareous  clays  only  burn  to  a 
buff  colour  even  when  much  iron  is  present,  the  bleaching  action  of  the  lime 
being  greatest  when  its  percentage  is  three  times  that  of  the  ferric  oxide ; 
for  this  reason  chalk  is  often  added  to  brick-clays  so  as  to  produce  white  or 
buff-coloured  bricks.  The  presence  of  titanic  oxide  is  said  to  intensify  the 
colouring  power  of  the  iron.  When  the  nature  of  the  clay  and  the  firing 
conditions  are  such  that  ferrous  oxide  is  produced  in  the  mass,  vitrification 
commences  at  a  compai’atively  low  temperature,  with  the  production  of 
a  dark  bluish-grey  or  black  fusible  aluminosilicate  containing  iron  in  the 
ferrous  state. 

In  the  burning  of  ferruginous  clays  it  is  usually  desirable  to  convert  all  the 
iron  into  the  ferric  state  before  vitrification  commences,  in  order  that  the  clay 
shall  burn  to  the  desired  colour  and  not  Autrify  too  readily.  To  accomplish 
this  it  is  necessary  that  the  burning  shall  take  place  in  an  oxidising  atmosphere  ; 
any  carbonaceous  matter  must  be  completely  burned  out  at  a  temperature 
not  exceeding  about  900°  C.,  any  ferric  oxide  which  has  been  reduced  by  the 
carbonaceous  matter  must  be  re-oxidised,  and  any  pyrites  or  siderite 
initially  present  must  be  roasted  to  ferric  oxide.  The  complete  oxidation  of 
pyrites  or  siderite  in  a  clay  is  a  very  difficult  task,  and  clays  containing  pyrites 
seldom  burn  red;  instead,  a  buff-coloured  product  is  obtained  with  black 
spots  scattered  irregularly  over  its  surface  and  throughout  its  mass.  Pyrites 
and  siderite,  however,  are  rarely  found  in  surface  clays,  owing  to  the  fact  that 
by  weathering  they  are  converted  into  limonite  ;  they  are  frequently  found 
in  shales  and  fire-clays,  particularly  those  associated  with  coal-seams.^ 

When  the  complete  oxidation  of  the  iron  has  been  accomplished  the 
colour  of  the  surface  of  the  burned  clay  may  be  altered,  if  desired,  by 
changing  the  atmosphere  in  the  kiln  from  an  oxidising  to  a  reducing  one. 
The  well-known  vitrified  Staffordshire  “blue”  bricks  are  produced  in 
this  manner. 

The  vitrification  of  clay  is  usually  associated  with  a  marked  change  in 
the  volume  of  the  mass ;  almost  invariably  a  shrinkage  occurs.  The  volume 
change  actually  observed  is  the  net  result  of  a  number  of  such  changes, 
which  are  due  to  different  circumstances.  As  soon  as  the  fluxes  commence 
to  rhelt,  the  liquid  produced  draws  the  unfused  particles  closer  and  closer 
together.  The  diminution  in  volume  which  results  from  this  depends  upon 
the  extent  to  which  vitrification  is  allowed  to  proceed,  and  upon  the  porosity 


1  See  Mellor,  Trans.  Eng.  Oer.  Soc.,  1907,  6,  142  ;  1908,  7,  112  ;  Collected  Papers,  vol.  i. 
p,  122,  on  pyritiferous  clays. 
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of  the  clay  just  previous  to  the  commencement  of  vitrification;  the  latter 
depends  upon  the  nature  of  the  clay  and  the  shrinkage  it  has  already  under¬ 
gone  in  the  drying  period.  The  volume  shrinkage  due  to  the  elimination 
of  pores  is  partially  compensated  for  by  certain  expansions  in  volume. 
Practically  all  crystalline  solids  expand  on  fusion,  and  the  fusion  of  such 
fluxes  as  mica  and  felspar  is  accordingly  associated  with  an  increase  in 
volume  amounting  with  felspar  to  about  6  per  cent.  Polymorphic  change 
may  occur  in  clays  rich  in  free  silica  and  may  be  associated  with  an  increase 
in  volume.  This  arises  from  the  fact  that  silica  exists  in  quite  a  number 
of  polymorphic  forms, ^  of  which  those  stable  above  800°  C.  (tridymite, 
christabolite,  etc.)  have  speciflc  volumes  some  14  percent,  greater  than  those 
stable  at  lower  temperatures.  Thus,  highly  siliceous  fire-bricks  expand  when 
fired.  The  processes  of  solution  which  are  operative  throughout  the  period  of 
vitrification  also  influence  the  volume  of  the  mass,  though  only  to  a  very 
slight  extent. 

Clays'  vary  very  much  with  respect  to  the  amounts  of  fire-shrinkage 
which  they  undergo.  Excessive  shrinkage  leads  to  warping  and  cracking 
in  goods  manufactured  from  them,  and  should  be  corrected  by  the  addition 
of  suitable  refractory  materials  (see  p.  121). 

Kinds  of  Clays. — Clays  may  be  divided  into  two  groups,  refractory  clays 
and  non-refractory  clays,  according  to  whether  their  softening  temperatures 
are  above  or  below  a  certain  arbitrary  point,  for  Avhich  Mellor^  proposes 
1500°  C.,  while  the  German  ceramic  chemists^  and  the  Institution  of  Gas 
Engineers  adopt  the  softening  point  of  Seger  cone  26  (about  1580°  C.). 

Certain  refractory  clays  become  white  or  cream-coloured  when  fired.  Of 
these,  the  china-clays  and  kaolins  are  the  most  important ;  the  other  clays 
of  this  type  are  cdlXedi  pipe-clays.^  The  other  refractory  clays,  which  become 
grey,  buff’,  or  red  in  colour,  are  known  fireclays.  Mellor^  divides  them 
into  three  grades:  (i.)  low  grade,  softening  between  1500°  and  1650°;  (ii.) 
medium  grade,  softening  between  1650°  and  1750°  ;  and  (iii.)  high  grade, 
softening  above  1760°.  The  Institution  of  Gas  Engineers  recognises  two 
grades:  (i.)  No.  1,  when  no  softening  occurs  below  Seger  cone  30  (1670°); 
and  (ii.)  No.  2,  when  softening  occurs  above  cone  26  (1580°),  but  below 
cone  30  (1670°). 

The  non-refractory  clays  may  be  either  (i.)  calcareous  or  (ii.)  non-calcareous, 
according  to  whether  they  do  or  do  not  contain  more  than  about  5  per 
cent,  of  admixed  calcium  carbonate.  The  calcareous  clays  are  usually 
termed  malms  (or  marls),  and,  as  already  explained,  when  burned  in  an 
oxidising  atmosphere  they  yield  cream,  buff,  or  red  products  according 
to  the  amounts  of  ferric  oxide  and  lime  present.  The  non-calcareous 
clays  vary  greatly  in  their  properties,  from  the  valuable  ball-clays  which 
burn  to  a  white  or  cream  colour,  to  the  more  common  buff  and  red- 


1  See  Vol.  V. 

^  Mellor,  Collected  Papers,  vol.  i.  p.  190. 

®  Cramer,  Tonind.  Zeit. ,  1902,  26,  1064. 

^  Many  pipe-clays  are  not  refractory,  this  term  being  extensively  employed  for  any 
white  clay  which  can  be  used  for  whitening  belts,  etc.  If  a  pipe-clay  is  found  to  be 
refractory  it  is  at  once  •classified  among  the  china-clays  or  ball-clays,  as  these  are  of  greater 
commercial  value. 

The  term  “  pipe-clay  ”  is  also  applied  to  clays  suitable  for  the  manufacture  of  drain-pipes. 
Such  clays  are  better  considered  as  fireclays  or  ball-clays  according  to  their  nature ;  they 
are  distinguished  from  the  true  pipe-clays  in  not  being  white  when  dry. 
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burning  clays  used  in  the  manufacture  of  bricks,  terra-cottas,  and  common 
pottery  ware. 

Calcareous  clays  in  which  the  calcium  carbonate  is  present  in  a  finely 
divided  state,  i.e.  as  chalk,  are  largely  used  for  making  light-coloured  bricks. 
Clays  may  be  successfully  used  even  though  they  contain  25  per  cent,  of 
chalk,  provided  that  the  product  is  only  slightly  vitrified.  Calcareous  clays 
are  also  used  in  the  manufacture  of  Portland  cement. ^ 

China-clays  and  kaolins  are  used  in  the  manufacture  of  china,  porcelain, 
stoneware,  fine  faience,  and  ultramarine  (see  p.  135)  ;  they  are  also  used  for 
Aveighting  paper.^  Some  account  of  their  nature  has  already  been  given 
(p.  104),  and  for  further  information  the  reader  must  refer  to  special  treatises. 
Important  deposits  of  china-clay  are  found  in  Cornwall  and  Devon  in 
England;  kaolins  occur  at  St  Yrieix,  near  Limoges,  in  France,  at  Zettlitz  in 
Bohemia,  in  various  parts  of  the  United  States,  etc. 

Ball-clays  are  highly  plastic  transported  clays  which  burn  to  a  white 
or  cream  colour.  They  frequently  contain  3  or  4  per  cent.,  or  even  a  larger 
proportion,  of  organic  matter,  and  hence  in  the  raw  state  they  are  often  nearly 
black  in  colour.  In  England,  the  best  deposits  are  found  in  Devonshire  and 
Dorset.  The  ball-clays  form  the  basis  of  most  ordinary  pottery.  When 
carefully  selected  they  are  extremely  fine  in  texture  and  free  from  grit,  and 
do  not  differ  very  much  in  composition  from  commercial  china-clay.  Pi'pe- 
clays^  are  inferior  qualities  of  ball-clay,  containing  rather  more  iron  and 
alkalies  and  considerably  more  silica. 

Fireclays, — The  chief  fireclays  are  the  clays  and  shales  found  in 
association  with  coal  seams.  In  the  British  Isles  such  clays  are  found  in 
large  quantities  in  Northumberland,  Durham,  Yorkshire,  Nottinghamshire, 
Derbyshire,  Staffordshire  (near  Stourbridge),  Warwickshire,  Shropshire, 
North  and  South  Wales,  South-West  Scotland  (near  Glasgow),  and  County 
Tyrone  in  Ireland.  The  fireclays  vary  very  much  in  composition,  but  all  are 
relatively  low  in  fluxes  and  to  this  fact  they  OAve  their  refractoriness.  The 
shales  occur  above  the  coal  seams,  the  non-laminated  fireclays  below  them 
(underclays).  Fireclays  are  generally  grey  or  greenish-grey  in  colour,  OAving 
to  the  presence  of  vegetable  matter  and  iron  compounds  (notably  pyrites, 
which  is  detrimental  to  the  quality  of  goods  made  from  the  clays)  ;  they  are 
compact,  dense,  and  of  varying  degrees  of  hardness.  By  exposing  them  to 
the  weather  most  fireclays  crumble  and  become  easier  to  grind.  They  are 
utilised  in  the  manufacture  of  fire-bricks  and  other  ceramic  products  of  a 
refractory  nature. 

Brick-clays. — Although  at  times  it  has  been  convenient  and  economical 
to  manufacture  ordinary  building  bricks  from  fireclays,  yet  the  greater  part 
of  the  bricks  and  tiles  used  for  constructional  purposes  are  made  from 
common,  non-refractory,  plastic  clays  which  develop  buff  or  red  tints  when 
fired.  Common  bricks  may  be  satisfactorily  made  from  clays  so  poor  in 
“  true  clay  ”  as  to  be  scarcely  worthy  of  being  ranked  as  clays.  Such  clays, 
which  are  frequently  termed  hrick- earths,  are  usually  rich  in  sand.  So  long 
as  the  adventitious  materials  present  in  a  clay  are  chiefly  sand  and  chalk, 
and  provided  that  the  clay  is  reasonably  plastic  and  Avill  commence  to  vitrify 
at  about  950°  C.,  with  a  volume  contraction  not  exceeding  26  per  cent.,  to 


^  Sbb  Remington,  Bowack,  and  Davidson,  J.  Ind,  Eng.  Ghem.,  1911,  3,  650. 
®  See  note  4,  p.  118. 
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form  a  mass  having  a  crushing  strength  of  at  least  85  tons  per  square  foot, 
it  will  generally  he  suitable  for  the  manufacture  of  common  bricks. 

The  clays  utilised  in  the  preparation  of  roofing-tiles,  architectural  and 
decorative  terra-cotta,  and  coarse  pottery  ware  are  closely  allied  to  those  used 
for  brickmaking,  but  are  decidedly  finer  in  texture,  particulaidy  those  used 
for  making  the  terra-cottas.  When  suitable  clays  are  not  found  locally,  it  is 
sometimes  convenient  to  prepare  them  from  brick-clays  by  removing  the 
coarser  particles  by  washing  and  sedimentation.  Some  fine-grained  shales  are 
also  excellent  materials  for  use  in  the  manufacture  of  terra-cotta. 

Fuller’s  earth  is  an  earthy  deposit  similar  in  chai’acter  to  clay.  It 
usually  has  a  characteristic  greenish-grey  tint.  Apart  from  its  ready 
fusibility,  it  behaves  like  a  china-clay  of  unusually  low  plasticity.  Its 
mineralogical  composition  is  not  yet  elucidated,^  and  the  recognition  of 
true  fuller’s  earth  is  not  at  all  an  easy  matter.  In  England  the  best  * 

deposits  occur  in  the  neighbourhood  of  Reigate  (Surrey)  and  at  Woburn 
Sauds  in  Bedfordshire.  The  following  data  relate  to  the  analysis  of  a 
sample  from  near  Reigate  : —  ^ 

Constituent  .  SiOj.  TiOj.  AljOj.  Fe^O,.  FeO.  MgO.  CaO.  K,0.  Na,0.  Ignition. 

Air-dried  .  54-28  0-37  14-97  6-08  0-37  3-14  2-83  0-19  0-32  12-56  5-84 

Dried  at  110°O.  62-09  0-42  17-12  6-97  0-42  3-59  3-24  0-22  0-36  ...  6-68 

Fuller’s  earth  absorbs  grease,  and  was  originally  employed  for  fulling  or 
degreasing  wool.  Its  use  for  this  purpose  has  declined  considerably,  but  it  is 
also  used  for  clarifying  and  deodorising  fats,  oils,  and  greases  (particularly 
lard-,  castor-,  coconut-,  and  cottonseed-oils),  as  a  diluent  for  ultramarine, 
and  in  the  manufacture  of  paper,  toilet  powder,  and  certain  soaps. 

Ceramics.  Classification  of  Ceramic  Products.^ — For  the  pro¬ 
duction  of  ceramic  ware  a  material  is  required  that  shall  be  (i.)  sufficiently 
plastic  when  moist  to  be  formed  into  any  desired  shape,  and  (ii.)  dense  and 
stone-like  when  “  fired,”  i.e.  heated  to  a  sufficiently  high  temperature.  Ac¬ 
cordingly,  the  foundation  of  every  piece  of  ceramic  ware  is  one  or  other  of  the 
various  natural  clays,  or  a  mixture  of  them.  For  many  purposes,  however, 
it  is  impossible  to  use  clay  alone,  and  other  suitable  materials  have  to  be 
added  to  it.  The  clay  may,  for  instance,  be  so  plastic  that  it  is  unable  to 
retain  its  form  during  the  process  of  drying,  or  it  may  become  deformed  or 
develop  cracks  owing  to  excessive  shrinkage  during  the  same  process.  To 
overcome  these  and  other  defects  it  is  necessary  to  add  hardening  or  open¬ 
ing  materials  to  the  clays,  and  thereby  modify  the  plasticity  and  shrinkage  of 
the  mass.  Again,  in  certain  kinds  of  pottery  it  is  essential  that  the  fired 
body  be  impermeable  to  water,  and  it  may  then  become  necessary  to  add 
considerable  quantities  of  suitable  fusible  materials  or  fluxes  to  the  clay. 


It  appears  to  be  composed  mainly  of  one  or  two  of  the  minerals  related  to  clay. 

^  Analysis  communicated  by  Mr  A.  G.  Hopkins. 

®  The  reader  seeking  further  information  on  the  ceramic  industries  is  referred  to  the 
folio-wing  works ;  Bourry,  A  Treatise  on  Ceramic  Industries,  revised  translation  by  A.  B. 
Searle  (Scott,  Greenwood  &  Son,  1911) ;  Granger,  La  ctramique  industrielle  (Gautliier- 
Villars,  Paris,  1905) ;  Searle,  Modern  Brickmaking  (Scott,  Greenwood  &  Son,  1911) ; 
Granger,  Fabrication  et  emploi  des  maUriaux  et  produits  rifractaires  utilisis  dans  Vindustrie 
(Paris,  1910);  and  the  works  of  Thorpe,  Moissaii,  and  Le  Chatelier  cited  on  p.  103  A 
fairly  complete  list  of  books  on  ceramics  is  given  in  Searle,  Clayworker's  Handbook  (C. 
Griffin  &  Co.,  Ltd.,  1911). 
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Accordingly,  so  far  as  the  preparation  of  pottery  bodies  is  concerned,  the 
materials  used  may  be  divided  into  three  groups,  as  follows  : — 

(i.)  Plastic  Alaterials. — The  different  varieties  of  clay. 

{\i.)  Opening  or  Hardening  Materials. — These  include  silica  in  the  form  of 
sand,  flint  or  quartz,  “grog”  {i.e.  previously  fired  clay),  and  a  number  of 
other  materials  less  frequently  used. 

(in.)  Fusible  Materials  or  Fluxes. — Felspar,  pegmatite,  bone  ash  (i.e. 
calcium  phosphate),  and  chalk  are  the  fluxes  most  commonly  employed.  The 
felspar  employed  is  usually  Norwegian  orthoclase.  In  England  the  pegmatite 
used  is  known  as  Cornish  stone  or  china  stone ;  it  is  a  partially  kaolinised 
granite  which  behaves  in  many  respects  like  a  mixture  of  felspar  and  quartz. 
The  bone  ash  is  generally  prepared  by  calcining  the  bones  of  oxen. 

The  numerous  products  of  the  ceramic  industry  may  be  divided  into  two 
classes,  according  as  the  “bodies”  are  (i.)  permeable  or  (ii.)  -impermeable  to 
water.  The  bodies  in  class  (i.)  are  porous,  exhibit  an  earthy  fracture,  and 
may  be  scratched  by  steel ;  those  in  class  (ii.)  are  hard  and  sonorous,  exhibit 
a  vitreous  or  conchoidal  fracture,  and  cannot  be  scratched  by  steel.  The 
bodies  of  class  (ii.)  may  be  divided  into  two  subclasses,  (ii.  a)  porcelains,  which 
are  white  and  translucent  in  pieces  2  or  3  mm.  thick,  and  (ii.  b)  stonewares, 
which  are  opaque  and  usually  coloured,  if  only  to  a  slight  extent. 

Porous  ware  may  either  be  used  as  such  for  constructional  or  decorative 
purposes,  e.g.  numerous  kinds  of  bricks  and  tiles,  and  terra-cotta  statuary,  or 
it  may  be  covered  with  a  vitreous  envelope  known  as  a  glaze  or  an  enamel 
according  as  it  is  transparent  or  opaque.  Porous  pottery  when  glazed  or 
enamelled  is  known  affine  earthenware  when  the  body  is  white  and  faience 
when  the  body  is  coloured,  although  the  enamelled  faience  is  sometimes  called 
majolica.^  Unglazed  porous  ware  may  be  divided  into  two  subclasses,  (i.  a) 
those  which  lose  their  form  or  become  impermeable  at  a  temperature  higher 
than  that  at  which  hard  porcelain  is  fired  (c.  1400°  C.)  and  (i.  h)  those  which 
do  not.  The  former  may  be  termed  terrorcottas,  using  the  word  in  its  literal 
sense  (baked  earth),  and  the  fireclay  or  refractory  ware.  Sanitary  ware 

is  chiefly  made  by  glazing  articles  made  of  fireclay  and  is,  therefore,  to  be 
included  under  fireclay  ware.  When  it  has  a  vitrified  body  it  should  be  in¬ 
cluded  under  stoneware. 

Impermeable  ware,  like  porous  ware,  may  or  may  not  be  glazed.  Stone¬ 
ware  is  often  glazed  or  enamelled,  and  most  porcelains  are  glazed,  although 
with  the  variety  known  as  parian  this  is  seldom  the  case. 

The  preceding  classification  of  ceramic  products  is  that  proposed  by 
Bourry  and  is  summarised  in  the  following  table : — 

I.  Porous  Body,  permeable  to  Water. 

(a)  N  ot  glazed  :  terra-cotta. 

(b)  Not  glazed  -.  fireclay  goods. 

(c)  Glazed  :  fine  earthenware,  sanitary  ware,  faience,  majolica. 

II.  Body  impermeable  to  Water. 

(aj  Translucent :  porcelain. 

(b)  Opaque  :  stoneware. 

Ceramic  ware  may  be  glazed  (or  enamelled)  either  (i.)  by  drying  the 
“body”  until  it  is  in  a  fit  state  to  have  the  glaze  applied  to  its  surface, 

1  This  distinction  between  the  uses  of  the  terms  “  faience  ”  and  “majolica ”  was  proposed 
by  Burt  {Trans.  Amer.  Cer.  Soc.,  1904,  6,  109). 
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and  then  firing  the  mass,  or  (ii.)  by  firing  the  unglazed  body,  coating  the 
“  biscuit  ”  ware  thus  obtained  with  the  glaze,  and  re-firing.  The  two  firings 
are  said  to  be  carried  out  in  the  “biscuit”  oven  and  the  “glost”  oven 
respectively,  and  the  second  firing  always  occurs  at  a  lower  temperature 
than  the  first.  The  second  procedure  is  nearly  always  adopted,  but  hard 
porcelain,  some  sanitary  ware,  and  certain  kinds  of  stoneware  are  prepared 
by  the  first  method. 

The  porcelains,  and  particularly  the  hard  porcelains,  are  of  particular 
interest  and  importance  to  the  chemist.  Being  covered  with  hard  glazes  that 
are  scarcely  attacked  by  prolonged  boiling  with  mineral  acids  or  aqueous 
solutions  of  alkalies,  and  being  capable  of  withstanding  rapid  alterations  of 
temperature,  they  are  invaluable  for  the  manufacture  of  crucibles,  basins,  etc. 
To  the  chemical  manufacturer  the  coarser  stoneware  is  of  equal  importance 
for  the  construction  of  chemical  plant,  e.g.  condensers  of  mineral  acids, 
evaporating  pans,  storage  tanks,  pumps,  taps,  etc. 

i.  Terra-cottas. — In  accordance  with  the  classification  given  above,  this 
term  includes  such  articles  as  ordinary,  hollow,  ornamental,  vitrified,  and 
light  bricks,  roofing  and  paving  tiles,  blocks,  drain-pipes,  and  common  un¬ 
glazed  pottery  ware  (such  as  flower-pots),  in  addition  to  the  architectural 
and  decorative  wares  to  which  the  term  terra-cotta  is  usually  restricted. 
Such  goods  are  prepared  from  natural  clays,  or  suitable  mixtures  of  clays, 
with  the  occasional  addition  of  chalk  or  sand  (see  p.  119).  Light  bricks  (or 
terra-cotta  lumber)  are  obtained  by  incorporating  sawdust  or  chopped  straw 
with  the  clay  used,  the  vegetable  matter  being,  of  course,  burnt  away  in  the 
firing  process.  In  order  to  reduce  the  tendency  to  crack  and  to  facilitate 
drying  and  burning,  the  larger  pieces  of  terra-cotta  are  usually  made  hollow, 
and  in  the  production  of  very  large  pieces  a  coarse  porous  clay  is  generally 
used  to  form  the  bulk  of  the  mass,  a  finer  terra-cotta  clay  being  then  used 
to  cover  the  face  of  it. 

ii.  Fireclay  Goods. — These  are  distinguished  from  all  other  ceramic 
products  by  their  resistance  to  heat;  they  include  bricks  and  blocks  used 
for  lining  furnaces,  muffle  kilns,  crucibles,  retorts,  etc.,  employed  in  the 
metallurgical,  glass  and  ceramic  industries.  They  are  prepared  from  fireclays, 
with  the  addition,  when  necessary,  of  a  suitable  opening  material  such  as 
grog  (or  chamotte)  and  silica,  but  as  the  latter  reduces  the  refractoriness  of 
a  good  fireclay  it  is  preferable  to  use  the  former,  which  consists  of  fireclay 
that  has  been  fired  at  a  high  temperature  and  ground  to  a  coarse  powder. 
The  texture  of  the  fired  article  may  also  be  more  readily  readjusted  by  the 
use  of  grog  than  silica.  On  the  Continent  it  is  customary  to  use  a  large 
proportion  of  grog,  often  as  much  as  two  parts  of  it  to  one  of  raw  clay,  in 
forming  the  fireclay  body ;  the  maximum  amount  of  grog  permissible  depends 
on  the  plasticity  of  the  clay.  In  England  the  use  of  grog  in  the  manufacture 
of  fireclay  goods  is  not  so  extensive. 

The  practical  value  of  a  fireclay  article  is  not  determined  solely  by  its 
refractoriness,  i.e.  its  ability  to  he  intensely  heated  without  softening.  It 
may  have  to  withstand  sudden  temperature  changes,  the  action  of  flames  or 
molten  corrosive  slags,  etc.,  according  to  the  manner  in  which  it  is  used,  and 
these  points  have  to  be  considered  carefully  when  deciding  on  the  composition 
and  the  texture  of  the  body.  Thus,  suppose  firebricks  are  i-equired  to  with¬ 
stand  abrupt  temperature  changes.  It  is  found  that  the  more  porous  the 
texture  the  less  will  be  the  tendency  of  the  bricks  to  crack,  and  that  without 
the  addition  of  opening  material  raw  fireclays  do  not  fire  to  sufficiently  porous 
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bricks.  Accordingly,  the  fireclay  used  is  mixed  with  the  requisite  amount 
of  grog  of  a  smtable  degree  of  fineness ;  the  coarser  the  grog  and  the 
greater  the  amount  used  the  less  the  tendency  of  the  brick  to  crack  with 
sudden  changes  in  temperature.  For  most  purposes,  however,  firebricks 
should  have  a  close  compact  texture  so  as  to  possess  strength  and  resistance 
to  abrasion. 

Fireclay  goods  rich  in  alumina  {e.g.  bauxite  bricks)  are  prepared  by  open- 
ing  up  fireclays  with  bauxite  (p.  73),  which,  to  be  satisfactory,  must  not 
contain  more  than  10  to  15  per  cent,  of  ferric  oxide. 

Fireclay  goods  extremely  rich  in  silica,  e.g.  silica  bricks  and  acid  linings 
for  steel  furnaces,  are  prepared  from  ganister  rock,  Dinas  rock,  or  crushed 
silica.  Ganister  is  a  fine-grained  siliceous  grit,  the  composition  of  which 
approximates  to  nine  parts  of  silica  mixed  with  one  of  fireclay ;  for  use  as  a 
refractory  material  it  must  be  very  carefully  selected.  Dinas  rock  occurs  in 
Wales  in  the  Vale  of  Neath;  it  contains  97  to  98  per  cent,  of  silica  and  is 
practically  free  from  clay.  For  making  bricks  1  to  2  per  cent,  of  lime 
is  added  to  act  as  a  flux  and  the  wet  mixture  is  pressed  into  shape.  Crushed 
silica  is  used  on  the  Continent  for  making  silica  bricks,  as  no  natural  material 
of  the  quality  of  Dinas  rock  is  available. 

Carbon  is  used  as  an  opening  and  heat-conducting  material  in  the  pre¬ 
paration  of  plumbago  crucibles.  Either  graphite  or  the  deposits  of  carbon 
found  in  gas-retorts  may  be  utilised ;  the  proportion  used  varies  from  25  to 
50  per  cent,  of  the  body  mixture.  Part  of  the  fireclay  may  be  in  the  form 
of  fine  grog.  Sometimes  magnesia  is  added  to  the  body. 

iii.  Earthenware  and  Faiences. — For  common  pottery  ware,  architectural 
faiences  such  as  glazed  bricks,  tiles,  etc.,  encaustic  tiles,  vases,  dishes,  and 
other  decorative  objects,  the  body  consists  simply  of  a  plastic  clay  with  the 
addition  of  sand  or  grog  if  necessary.  The  so-called  enamelled  faiences,  e.g. 
stove  tiles  and  imitation  Moorish,  Italian,  and  French  faiences,  are  prepared 
from  clays  naturally  or  artificially  calcareous,  the  body  usually  containing 
from  15  to  20  per  cent,  of  lime  when  fired.  The  domestic  white  or  cream- 
coloured  earthenware  is  prepared  from  a  more  complex  body,  the  basis  of 
which  is  ball-clay.  To  whiten  the  body  china-clay  is  added  and  to  open  it 
up  flint  is  used  ;  as  a  flux  felspar  or  Cornish  stone  is  utilised.  To  eliminate 
the  pale  yellow  or  cream  colour  from  the  fired  body  a  little  oxide  of  cobalt 
is  usually  added  (0-02  to  O'OS  per  cent.).  The  following  table  shows  how 
the  relative  proportions  of  the  ingredients  of  an  earthenware  body  may  be 
varied ; — 


Ball-clay 

50 

47 

43 

31 

25 

25 

24 

21 

18  per  cent. 

China-clay 

10 

24 

24 

36 

32 

25 

27 

28 

43  „ 

Flint 

35 

22 

23 

21 

34 

40 

36 

38 

24  „ 

Cornish  stone  . 

5 

7 

10 

12 

8 

10 

13 

13 

15  „ 

French  siliceous  faiences,  which  form  admirable  artistic  wares,  are  prepared 
from  a  body  containing  china-clay  24,  chalk  24,  flint  48,  and  frit  4  parts,  the 
frit  being  prepared  from  Fontainebleau  sand  85,  potassium  carbonate  7, 
sodium  carbonate  3,  and  chalk  5  parts.  This  body  was  introduced  by  the 
celebrated  faience  manufacturer  Deck  in  endeavouring  to  reproduce  Persian 
faiences. 

iv.  Stoneware.— Fine  English  stoneware  is  prepared  from  a  body  similar, 
in  composition  to  that  of  earthenware,  but  the  proportion  of  Cornish  stone 
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is  increased  and  that 
examples : — 

of  the 

flint 

decreased,  as 

shown 

by  the  following 

Ball-clay  . 

10 

25 

25 

29 

45 

29  per  cent. 

China-clay  . 

15 

12-5 

20 

14 

15 

...  )) 

Flint . 

20 

12-5 

10 

...  )) 

Cornish  stone 

55 

50 

45 

57 

40 

71  „ 

“  Common  ”  stoneware  articles,  e.g.  paving  tiles,  drain-pipes,  sanitary 
ware,  and  chemical  stoneware,  are  prepared  from  stoneware  or  vitrifiable  clays 
icf.  p.  115).  These  clays  when  burned  form  opaque  impermeable  ware, 
iisually  of  a  greyish,  yellowish,  or  bluish  shade.  They  must  be  selected  with 
great  care,  as  stoneware  clays  are  very  liable  to  twist  and  warp  when 
heated.  The  number  of  sources  of  good  stoneware  clay  is  not  very  consider¬ 
able,  the  best  of  those  found  in  England  being  the  upper  and  less  pure 
portions  of  the  Devonshire  and  Dorset  ball-clays  and  the  more  fusible  fireclays. 
Accordingly,  stoneware  manufacturers  are  frequently  obliged  to  adapt  other 
clays  to  their  needs.  For  this  purpose  felspar  or  Cornish  stone  may  be  added 
to  fireclay,  or  a  refractory  material  may  be  added  to  a  fusible  non-calcareous 
clay  containing  clay  or  felspar. 

V.  Porcelain. — The  porcelains  may  be  divided  into  two  groups,  (a)  the 
hard  porcelains  and  (b)  the  soft  or  tender  porcelains.  The  hard  porcelains  are 
distinguished  from  the  soft  ones  by  their  greater  resistance  to  heat.  When 
glazed,  they  are  usually  made  so  that  the  very  hard  glaze  is  fired  Avith  the 
body  in  one  operation. 

The  basis  of  all  porcelain  is  china-clay  or  kaolin.  In  order  to  obtain  a 
more  plastic  body  a  little  ball-clay  may  he  added.  The  increased  plasticity, 
however,  is  only  gained  at  the  expense  of  the  translucency  of  the  finished  ware, 
and  ball-clay  is  therefore  usually  excluded  in  the  preparation  of  hard  porcelain 
table-ware  and  ornamental  goods,  but  utilised  in  ^Iie  manufacture  of  porcelain 
for  making  electrical  insulators  or  lining  ball-mills  and  other  vessels. 

In  the  preparation  of  hard  porcelain  the  opening  materials  used  are  quartz 
and  biscuit  porcelain,  and  the  fluxes  employed  are  felspar,  chalk,  and  gypsum. 
From  the  point  of  view  of  the  chemical  composition  of  the  products,  the  hard 
porcelains  may  be  divided  into  those  rich  in  alumina  and  very  suitable  for 
chemical  purposes,  and  those  rich  in  silica  and  well  adapted  for  the  prepara¬ 
tion  of  ornamental  ware.  The  following  bodies  are  employed  in  the  prepara¬ 
tion  of  a  number  of  hard  porcelains  : — 


Kaolin. 

Felspar. 

Quartz. 

Chalk. 

Gypsum. 

Biscuit 

Porcelain. 

Sevres  porcelain  . 

65 

15 

14 

6 

Berlin  ,, 

75 

25 

Meissen  ,, 

73 

25 

2 

Vienna  ,, 

72 

12 

12 

... 

4 

... 

Presumably,  the  kaolins  used  include  certain  amounts  of  quartz  and  felspar 
or  mica  (see  p.  105).  The  three  most  important  constituents  of  hard  porcelain 
are  kaolin,  quartz,  and  felspar,  and  according  to  Vogt  ^  their  relative  prepor- 


1  See  article  “Ceramiquc  ”  in  Moissan,  Traiti  de  chimie  minirale  (Paris,  vol.  iv.,  1905). 
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tions  should  be  kept  within  the  following  extremes  :  kaolin  65  to  35  j  quartz, 
15  to  25  ;  and  felspar,  20  to  40  per  cent. 

The  only  kind  of  soft  porcelain  of  any  industrial  importance  is  that  which 
is  variously  known  as  phosphatic  porcelain,  English  porcelain,  bone  china,  or 
simply  china  ;  this  china  ware  is  almost  exclusively  produced  in  England,  Its 
special  characteristic  is  the  large  proportion  of  bone  ash  (30  to  50  per  cent.) 
which  enters  into  the  composition  of  the  body,  which  is  made  chiefly  from 
china-clay,  Cornish  stone,  and  bone  ash.  The  limits  of  composition  are  very 
wide ;  the  following  may  be  cited  as  examples  of  suitable  mixtures : — 


China-clay 

.  25 

30 

22 

29 

Cornish  stone. 

.  25 

35 

31 

30 

Felspar  . 

•  •  •  » 

•  •  • 

•  •  • 

Bone  ash 

.  50 

35 

47 

41 

34  per  cent. 


19 

47 


5) 

>> 

}) 


Parian  is  a  soft  porcelain  which  is  usually  unglazed.  The  body  consists 
essentially  of  china-clay  and  felspar,  a  very  large  proportion  of  the  latter 
being  present,  and  in  the  preparation  of  English  parian  these  appear  to  be 
the  only  substances  used,  the  body  containing  33  to  37  per  cent,  of  china- 
clay.  Parian  ware  closely  resembles  fine  marble. 

Information  concerning  the  other  varieties  of  soft  porcelain,  e.g.  French 
or  fritted  porcelain,  new  Sevres  porcelain,  and  Seger’s  porcelain,  must  be 
sought  in  special  treatises  on  ceramics  (see  footnote  on  p.  120). 

Preparation  of  Ceramic  Bodies. — The  various  ingredients  that  go  to 
form  the  body  of  a  ceramic  product  must  be  reduced  to  a  state  of  fine  division, 
and  thoroughly  and  uniformly  mixed.  In  the  cases  of  cheap  articles,  e.g. 
bricks,  where  a  natural  clay  alone  is  required,  the  preparation  of  the  bodies 
is  comparatively  simple,  it  being  frequently  sufficient  to  crush  or  remove  stones 
and  other  hard  foreign  bodies  and  then  pass  the  wet  clay  through  a  pug-mill  to 
secure  the  necessary  uniformity.  Some  clays  are  dried  and  crushed  to  fine 
powder ;  all  shales  must  be  crushed  and  ground.  The  greatest  care  in  the 
preparation  of  uniformly  plastic  bodies  is  naturally  required  where  several 
different  ingredients  have  to  be  ground  and  mixed,  e.g.  in  the  preparation  of 
fine  earthenware,  stoneware,  and  porcelain.  In  English  fine  earthenware, 
for  instance,  the  china-clay,  ball-clay,  china  stone,  and  flint  having  all 
been  reduced  to  the  state  of  fine  powder  .suspended  in  water,  the  requisite 
quantities  of  the  “slips”  are  run  into  a  large  vat  and  thoroughly  agitated.  The 
“  slip  ”  thus  obtained  is  passed  through  fine  sieves  to  remove  coarse  particles 
and  run  over  permanent  or  electro-magnets  in  order  to  remove  particles  of 
iron  and  magnetisable  iron  compounds.  It  then  passes  to  filter  presses, 
where  most  of  the  water  is  removed  by  filtration  through  canvas,  and,  the 
plastic  body  being  harder  on  the  outside  than  on  the  inside,  it  is  thoroughly 
beaten  up  or  put  through  a  pug-mill  to  render  it  uniform  and  free  it  from  air- 
bubbles.  Instead  of  adopting  the  preceding  method  of  “  slip-blending,”  the 
raw  materials  are  sometimes  ground  and  dried ;  the  requisite  quantities  are 
then  weighed  out  and  mixed  with  water. 

Shaping  Ceramic  Articles.— Of  the  various  methods  by  which  the 
plastic  body  is  formed  into  shape,  the  oldest  and  most  general  is  that  known 
as  “  throwing  on  the  wheel.”  It  is  used  in  the  preparation  of  round  articles 
from  suflBciently  plastic  bodies.  “  Turning  ”  on  a  lathe  is  also  adopted, 
particularly  when  an  article  must  be  made  very  accurate  in  shape  and  size. 
A  process  known  as  “  expression  ”  is  used  in  the  production  of  drain  or  sewer 
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pipes  and  building  blocks,  bricks  and  tiles.  For  this  purpose,  the  plastic 
paste  is  forced  through  a  die  or  template  so  that  the  issuing  clay  is  of  the 
desired  section  ;  it  is  then  cut  into  suitable  lengths.  The  better  qualities  of 
bricks  and  interlocking  roofing  tiles  are  largely  made  by  pressing  the  stiff 
plastic  paste  in  metal  moulds  by  powerful  presses,  and  the  same  process  is 
sometimes  applied  to  bricks  and  tiles  which  have  been  roughly  moulded  and 
allowed  to  become  half  dry,  “Dry  pressing”  is  used  in  the  production  of 
certain  classes  of  ceramic  ware,  particularly  tiles  used  for  internal  decora¬ 
tion  ;  the  body  is  dried,  crushed  to  powder,  damped  until  it  adheres  together 
loosely  when  squeezed,  and  filled  into  a  metal  mould,  where  a  die  is  forced 
down  upon  it  by  hand  or  mechanical  power. 

The  simplest  method  of  moulding  a  plastic  body  is  that  used  in  making 
bricks  by  hand  with  the  use  of  wooden  moulds.  More  ornamental  articles 
are  formed  by  beating  the  plastic  body  into  a  thin  cake  or  “  bat  ”  and 
pressing  it  into  moulds  made  of  plaster  of  Paris.  Frequently  a  mould  has 
to  be  made  in  sections,  which  are  fitted  together  and  strapped  up,  the  joints 
being  smoothed  down  so  that  the  clay  forms  one  piece  inside  the  mould. 
The  clay  dries  a  little  on  standing,  contracts  slightly,  and  detaches  itself 
from  the  mould,  the  portions  of  which  are  then  removed.  “  Slip  casting  ” 
is  another  method  of  moulding,  particularly  suited  to  feebly  plastic  bodies 
such  as  porcelains.  The  “  slip,”  prepared  of  such  a  consistency  that  one 
pint  weighs  30  to  36  ounces,  is  poured  into  the  plaster  mould.  The  plaster 
absorbs  the  water  from  the  slip  in  contact  with  it  and  a  coating  of  the  body 
is  formed  on  the  inside  of  the  mould.  When  the  coating  is  sufficiently  thick 
the  remaining  slip  is  poured  out  and  the  mould  and  its  contents  dried  in  a 
hot  stove.  By  this  process  it  is  possible  to  form  teapots,  jugs,  etc.,  in  one 
piece,  instead  of  having  to  form  them  in  parts  and  join  these  together 
afterwards. 

The  ware  having  been  formed,  it  is  slowly  dried  in  an  open  shed,^  in  a 
drying-room,  warmed  by  waste  heat  from  the  firing  kilns,  or  by  other  suitable 
means.  With  some  porcelain  bodies,  however,  the  final  temperature  reached 
in  drying  is  much  higher  (700°  to  900°). 

The  ware  is  then  ready  for  firing,  unless  it  is  to  be  fired  and  glazed  at  one 
operation,  when  it  must  first  receive  its  coating  of  glaze. 

Firing’. — Ceramic  bodies  are  usually  fired  in  kilns  or  ovens.^  Such 
products  as  bricks,  tiles,  drain-pipes,  etc.,  may  be  exposed  directly  to  the 
flames,  but  this  is  not  as  a  rule  permissible  with  wares  of  better  quality, 
which  must  therefore  be  packed  in  fireclay  boxes,  known  as  saggars.  The 
ovens  are  large  brickwork  chambers  which  may  be  likened  to  vertical 
reverberatory  furnaces.  The  saggars  are  stacked  in  the  ovens  in  piles  or 
“bungs”  and  the  flames  allowed  to  play  directly  on  to  them. 

The  final  temperature  reached  in  the  kiln  and  the  duration  of  the  heating 
depend  largely  upon  the  nature  of  the  ware  required.  Ordinary  bricks,  for 
instance,  may  only  require  heating  to  about  950°  C.  until  vitrification, 
produced  mainly,  as  a  rule,  by  the  fluxing  action  of  lime,  has  so  far  advanced 
that  the  fired  product  has  the  necessary  crushing  strength.  Hard  porcelain. 


*  During  the  summer  months  bricks  and  coarse  ware  may  be  dried  in  the  open  air,  if 
protected  from  the  sun  and  wind. 

®  There  are  many  types  of  kiln  and  oven,  each  suited  to  the  production  of  a  particular 
kind  of  ware.  A  description  of  these  is  out  of  place  in  the  present  volume,  and  the  reader 
requiring  further  information  is  referred  to  the  treatises  mentioned  in  the  footnote  on  p.  120. 
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on  the  other  hand,  must  be  fired  at  1400°  0.  or  thereabouts  and  the  vitrifica¬ 
tion  pushed  almost  to  the  extreme  limit 

It  has  already  been  mentioned  (p.  121)  that  fired  ceramic  bodies  may  be 
divided  into  two  classes,  the  permeable  aud  the  impermeable.  In  practice, 
however,  these  classes  cannot  be  divided  rigidly.  The  fine  English  w'hite 
wares,  in  particular,  are  difficult  to  classify,  the  distinction  between  some 
pieces  of  faience  (earthenware)  and  some  of  stoneware  being  almost  impos¬ 
sible  to  define.  Thus,  the  term  “stoneware”  is  frequently  applied  to  glazed 
pipes,  tiles,  and  sanitary  ware,  the  bodies  of  which  are  decidedly  porous 
though  the  articles  as  a  whole  are  impermeable. 

In  discussing  the  changes  that  take  place  in  ceramic  bodies  during  the 
firing  process,  it  will  only  be  necessary  to  refer  to  fireclay  goods,  white  ware 
and  porcelain,  the  nature  of  the  changes  undergone  by  other  bodies  having 
been  sufficiently  indicated  in  dealing  with  the  action  of  heat  on  clays  (p.  113). 

In  the  preparation  of  firebricks  it  is  of  great  importance  that  the  goods 
shall  be  fired  long  enough  and  at  a  temperature  high  enough  to  prevent  any 
marked  after-contraction  when  the  bricks  are  in  use.  Otherwise,  under 
favourable  temperature  conditions,  contraction  will  continue  at  an  appreciable 
rate  and  give  rise  to  movements  in  the  masonry  of  the  furnace  and  setting. 
The  choice  of  the  fireclay  should  be  influenced  by  the  maximum  temperature 
likely  to  occur  in  the  furnace  in  which  the  bricks  are  to  be  used.  Allowing  a 
reasonable  margin  of  safety,  the  most  suitable  softening  temperature  for  the 
clay  may  be  obtained,  and  an  unnecessarily  refractory  clay  should  be  rejected 
as  being  likely  to  produce  bricks  too  open  in  texture  and  correspondingly 
weak  mechanically.  Non-vitrifiable  fireclays,  poor  in  fluxes,  exhibit  a 
maximum  contraction  on  firing ;  this  varies  with  the  temperature  and  rate  of 
heating.  When  the  maximum  contraction  has  been  attained,  subsequent 
heating  at  the  same  temperature  is  attended  by  a  slight  expansion  and 
a  slight  disintegration  of  the  brick  ^ ;  subsequent  heating  at  a  higher  tem¬ 
perature,  however,  produces  a  further  contraction,  which  attains  a  maximum 
as  before. 

As  fireclay  goods  are  manufactured  for  the  purpose  of  withstanding 
high  temperatures  for  prolonged  periods,  a  few  words  on  the  nature  of 
the  changes  they  undergo  on  continued  heating  may  be  added.  The 
ultimate  character  assumed  by  a  fireclay  body  is  that  of  a  nearly  homo¬ 
geneous  vitreous  mass,  and  as  this  condition  is  approached  the  body  tends 
more  and  more  to  soften  and  lose  its  shape.  The  longer  it  takes  to  realise 
this  state  of  affairs,  the  longer  is  the  life  of  the  fireclay  body.  With  pro¬ 
longed  heating  there  is  usually  associated  a  decrease  in  the  crushing 
strength  of  the  body.  This  appears  to  be  due  to  a  number  of  causes, 
one  of  which  is  the  gradual  loss  of  alkalies  by  volatilisation,  followed  by 
a  slight  disintegration  of  the  “  cementing  ”  matrix  which  binds  together  the 
solid  particles  of  the  body.^  Another  cause  is  the  separation  of  crystals  of 
sillimanite  from  the  vitreous  matrix.  The  rate  at  which  this  crystallisation 
proceeds  doubtless  depends  upon  the  proximity  of  the  temperature  to  the 
best  crystallising  temperature  of  the  matrix,  as  explained  later  in  connec¬ 
tion  with  glazes  (p.  131).  The  crystallisation  being  irregular,®  and  attended 


^  Mellor,  Collected  Papers,  1914,  vol.  i.  pp.  309-316. 

2  Cramer,  Tonind.  Zeit.,lS97,  2i,  288  ;  Mellor  and  Austin,  Trajis.  Eng.  Cer.  Soc.,  1907, 
6,  76,  129  ;  J.  Soc.  Chem.  Ind.,  1907,  26,  375,  380. 

^  Microscopic  examination  reveals  the  growth  of  local  patches  of  crystals. 
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by  a  contraction  in  volume,  local  strains  are  set  up  in  the  body  and  tend 
to  rupture  it.^ 

In  the  firing  of  hard  porcelain'^  the  felspar  melts  to  a  liquid  which  binds 
together  the  particles  of  heated  clay  and  silica.  As  the  heating  is  continued 
the  solid  particles  are  slowly  attacked  and  dissolved  by  the  molten  flux,  the 
clay  more  readily  than  the  free  silica;  at  about  1300“  felspar  can  dissolve 
about  20  per  cent,  of  china-clay  and  16  per  cent,  of  silica.  The  translucency 
of  the  fired  body  may  be  thus  explained ;  the  body  consists  of  a  transparent 
glass  in  which  particles  of  silica  and  heated  china-clay  are  embedded,  forming 
a  kind  of  framework  in  it.  Now,  china-clay  particles  are  permeated  with 
minute  capillary  pores,  and  the  particles  left  after  the  water  of  constitution 
has  been  expelled  still  retain  this  porous  structure.  When  these  pores  are 
filled  up  by  a  colourless  liquid,  china-clay  or  the  material  left  after  heating 
it  to  redness  is  found  to  be  fairly  transparent.  The  translucency  of  porcelain 
is  thus  a  result  of  the  molten  flux  penetrating  into  the  capillary  pores  of  the 
heated  clay  at  the  same  time  as  it  is  slowly  dissolving  the  clay,  and  the 
translucency  increases  in  proportion  as  the  percentage  of  china-clay  in  the 
porcelain  body  is  reduced.  It  is  clear,  however,  that  there  must  be  at  least 
a  certain  (minimum)  proportion  of  clay  present,  to  ensure  that  the  body 
shall  not  collapse  when  fired  owing  to  lack  of  sufficient  clay-silica  framework. 

Patches  of  acicular  crystals  of  sillimanite  frequently  separate  out  from 
the  glassy  matrix  when  hard  porcelain  is  fired,  and,  indeed,  they  seem  to  be 
produced  whenever  mixtures  rich  in  clay  and  felspar  are  fired  at  or  above 
1300'  C.®  The  rate  at  which  the  crystals  develop  depends  upon  the  tem¬ 
perature,^  and  their  production  in  heated  porcelain  probably  explains  the 
development  of  brittleness  in  porcelain  tubes  which  have  been  heated  for 
a  considerable  length  of  time. 

The  slight  bluish  tint  usually  noticed  in  porcelain  is  due  to  the  body 
always  containing  traces  of  iron  and  titanium  and  to  the  final  heating  and 
vitrification  being  carried  out  in  a  slightly  reducing  atmosphere.  The  blue 
gives  place  to  a  yellow  tint  when  an  oxidising  atmosphere  is  used. 

Owing  to  the  large  amount  of  flux  present  and  the  extent  to  which 
vitrification  is  allowed  to  proceed,  porcelaifl  contracts  very  considerably 
(about  15  per  cent.)  in  the  firing.  In  soft  parian  porcelain,  where  the 
percentage  of  flux  is  extremely  large  and  opening  material  is  omitted,  the 
contraction  is  still  greater.  Since  parian  is  fired  at  a  much  lower  temperature 
than  hard  porcelain  ®  it  does  not  show  well-developed  crystals  of  sillimanite 
unless,  as  is  sometimes  the  case,  a  little  lead  glass  is  added  to  the  parian 
body.  The  introduction  of  the  lead  glass  appears  to  accelerate  the  rate  at 
which  the  sillimanite  crystals  form. 

From  what  has  already  been  said  the  nature  of  the  changes  produced 
when  hone  china  is  fired  may  be  inferred,  especially  as  powdered  bone  ash 


1  For  further  information  coiioeruing  the  action  of  heat  on  fireclays  see  Mellor,  J.  Soc. 
Ghem.  Ind.,  1907,  26,  376;  Mellor  and  F.  J.  Austin,  loc.  cit.\  Slellor,  Collected  Papers 
vol.  i.  pp.  309,  316,  379.  ’ 

"  Hussak,  Sprechsaal,  1889,  22,  136,  154  ;  Mellor,  Tracis.  Eng.  Cer.  Soc.,  1906,  5,  75  ; 
J.  Soc.  Ghem.  Ind.,  1907,  26,  375  ;  Mellor  and  Austin,  loc.  cit.  \  Heath  and  Mellor,  Trans. 
Eng.  Cer.  Soc.,  1907,  7)  80  ;  or  Mellor,  Collected  Papers,  pp.  19,  43,  98,  138. 

3  W.  Vernadski,  Bull.  Soc.frang.  Alin.,  1889,  12,  447;  1890,  13,  256;  Hussak,  loc.  cit.; 
Mellor,  loc,  cit. ;  Heath  and  Mellor,  loc.  cit. 

*  See  later,  under  Glazes,  p.  131. 

*  Hard  porcelain  is  fired  at  1250°-1400°  C. ;  parian  at  1150°-1200°  C. 
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has  a  porous  structure -similar  to  that  of  china-clay,  and  so  assists  in  producing 
the  translucency  of  the  china.  Bone  china  is  fired  at  1250°-1300°  C.,  and  when 
correctly  fired  it  approximates  to  a  homogeneous  vitrified  mass  more  closely 
than  almost  any  other  type  of  pottery.  The  temperature  has  to  be  regulated 
with  extreme  care,  as  when  over-heated,  the  china  begins  to  lose  its  shape, 
phosphoric  oxide  fumes  are  evolved,  the  body  acquires  a  sponge-like  character 
and  “  bloats.”  The  loss  of  phosphorus  is  due  to  the  presence  of  carbon  or  other 
reducing  substance  in  the  body  or  in  the  kiln  at  certain  stages  of  the  firing! 

The  changes- which  take  place  when  fine  stoneware  and  white  earthenware 
bodies  are  fired  are  similar  to  those  which  occur  in  the  firing  of  hard  porcelain, 
but  vitrification  is  not  allowed  to  proceed  to  the  same  extent.  Less  flux  is 
therefore  required  and  the  firing  temperature  need  not  be  so  high.  Fine 
stoneware  has  the  same  general  structure  as  hard  porcelain,  hut  it  is  not 
translucent.  Why  the  substitution  of  ball-clay  for  china-clay  should  destroy 
the  translucency  of  porcelain  is  not  definitely  understood,  hut  it  is  probable 
that  owing  to  the  comparative  ease  with  which  the  impure  clay  softens,  the 
pores  become  closed  up  before  the  molten  flux  can  penetrate  into  them. 

Glazes  and  Enamels. — Glazes  and  enamels  are  vitreous  envelopes 
used  to  cover  ceramic  bodies,  either-  for  decorative  purposes  or  for  rendering 
them  impermeable  to  liquids.  The  finely  divided  glaze  ^  is  spread  over  the 
surface  of  a  ceramic  body  and  the  whole  heated  until  the  glaze  melts  and 
forms  a  thin  film  covering  the  surface  continuously.  The  glazed  body  is  then 
allowed  to  cool,  when  the  molten  glaze  solidifies  to  an  amorphous  “  glass.” 

A  pottery  glaze  should  he  clear,  brilliant,  and  thin,  so  as  not  to  hide 
modelled  work ;  it  should  soften  more  readily  than  the  body  to  which  it  is 
applied,  and  while  being  sufficiently  viscous  when  molten  not  to  run  off  an 
upright  object  it  should  he  mobile  enough  to  flow  smoothly  over  the  whole 
'  surface ;  it  should  be  very  resistant  to  attempts  to  devitrify  it ;  its  coefficient 
of  expansion  should  agree  with  that  of  the  body  in  order  that  it  may  not  chip 
off  from  edges  or  develop  minute  cracks  (known  as  crazes)  upon  the  surface ; 
it  should  be  unattacked  by  water  and  acid  vapours,  and  for  culinary,  domestic, 
or  sanitary  purposes  it  should  be  resistant  to  dilute  acids. 

Glazes  vary  very  much  in  chemical  composition  and  in  fusibility.  They 
all  contain  silica,  alumina,  and  one  or  more  of  the  oxides  of  the  alkali  or 
alkaline  earth  metals  as  necessary  constituents.  Of  the  other  basic  oxides 
that  may  be  present,  lead  oxide  is  the  commonest,  while  many  of  the  more 
fusible  glazes  contain  a  second  acidic  oxide,  namely  boric  oxide.  In  ceramics 
the  compositions  of  glazes  are  usually  expressed  in  a  conventional  manner  by 
indicating  the  relative  numbers  of  formula-weights  of  the  various  oxides 
present  in  such  a  manner  that  the  total  number  of  formula-weights  of  the 
oxides  of  uni-  and  bi-valent  metals  is  unity  3  the  following,  for  instance, 
represents  a  typical  earthenware  glaze  : — 


The  general  glaze  “formula”  maybe  written  BO  :  aiRgOg :  yROg,  when  it  is 
found  that  y  is  always  greater  and  x  is  generally  less  than  unity.  In  general, 
the  more  bases  of  the  RO  group  there  are  present,  the  more  fusible  the 


1  B.  Moore,  Trans.  Eng.  Cer.  Soc.,  1905,  5,  37. 

2  Or,  more  accurately,  a  mixture  of  substances  which  react  to  produce  the  glaze  when 
heated. 
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glaze ;  replacement  of  silica  by  boric  oxide  also  increases  tbe  fusibility.  The 
proportion  of  alumina  present  largely  influences  the  properties  of  a  glaze, 
particularly  its  viscosity  and  its  tendency  to  devitrify.  The  use  of  lead  in 
glazes  has  been  known  and  practised  for  centuries.  Lead  glazes  are  very 
quick  to  mature  and,  by  suitably  choosing  their  compositions,  may  be  adapted 
for  use  with  a  fairly  wide  range  of  pottery  bodies.  They  are  not  suitable, 
however,  for  use  with  hard  porcelain  and  once-fired  stoneware,  since  lead  oxide 
volatilises  rapidly  at  the  firing  temperature  and,  moreover,  the  glazes  mature 
too  rapidly.  The  use  of  lead  glazes  is  attended  with  certain  risks,  owing  to 
the  poisonous  nature  of  lead  compounds.  Lead-poisoning  may  affect  the  work¬ 
people  engaged  in  handling  the  glazes,  or  it  may  affect  the  purchaser  of  a 
lead-glazed  culinary  article,  unless  the  latter  will  resist  the  action  of  boiling, 
concentrated  acetic  acid.  The  latter  evil,  however,  has  not  arisen  in  England. 

Glazes  containing  only  the  constituents  already  mentioned  are  colourless 
and  transparent.  They  may  be  converted  into  white,  opaque  glazes  or 
enamels  by  the  addition  of  stannic  oxide  or  zinc  oxide  in  excess  of  that  required 
to  saturate  the  glaze.  The  opacity  is  due  to  the  presence  of  solid  oxide  of 
zinc  or  tin  in  suspension  in  the  glaze.  Calcium  phosphate  is  sometimes  used 
as  an  opacifying  agent. 

In  general,  the  glaze  is  produced  upon  the  body  by  the  interaction  of  a 
number  of  suitable  raw  materials  under  the  influence  of  heat.  When  all  the 
raw  materials  are  insoluble  in  water  it  is  sufiicient  to  grind  them  together 
and  apply  the  mixture  to  the  body,  but  when  some  of  the  raw  materials  are 
soluble  {e.g.  sodium  carbonate,  borax)  a  different  procedure  is  adopted.  The 
soluble  ingredients  are  mixed  with  suitable  proportions  of  the  others  and  the 
mixture  melted  into  a  glass  or  frit.  The  frit  is  cooled,  powdered,  and  mixed 
with  the  remainder  of  the  insoluble  ingredients. 

The  glaze  mixture  may  be  applied  to  the  body  in  various  ways.  It  is 
commonly  applied  by  “dipping,”  for  which  purpose  the  glaze  mixture  is 
stirred  up  into  a  “  slip  ”  with  water  and  the  article  to  be  glazed  then  dipped 
into  it.  The  body,  owing  to  its  porosity,  absorbs  a  certain  amount  of  water 
and  a  film  of  glaze  mixture  is  deposited  upon  its  surface.  Other  methods 
include  pouring  a  suspension  of  the  glaze  mixture  over  the  body  as  it  is 
rotated,  and  spraying  the  suspension  over  it. 

A  glaze  should  be  regarded  as  a  supercooled,  highly  viscous,  and  more  or 
less  imperfectly  mixed  solution.  Accordingly,  although  a  glaze  may  be  made 
up  in  several  different  ways  so  as  to  have  the  same  ultimate  composition,  it 
does  not  follow  that  the  final  glazes  will  “mature”  in  the  same  way.  The 
behaviour  of  the  glaze  varies  with  the  manner  in  which  it  is  compounded, 
the  physical  condition  of  its  constituents,  and  the  character  of  the  body  on 
which  it  is  fired.^  A  glaze,  being  amorphous,  has  no  real  melting-point,  but 
becomes  less  and  less  viscous  as  the  temperature  rises.  Eventually,  it  begins 
to  lose  its  shape  and  begins  to  flow  like  a  mobile  liquid.  It  is  difficult  to 
determine  a  precise  temperature  at  which  this  occurs,  but  a  small  temperature 
range  may  be  located  fairly  readily  and  the  mean  temperature  spoken  of  as  the 
softening  temperature  of  the  glaze.  The  softening  temperatures  of  lead  silicate 
glazes  have  been  measured  by  Mellor,  Latimer,  and  Holdcroft,^  who  found  that 
the  gradual  addition  of  more  and  more  silica  rapidly  lowers  the  softening-point 


1  Mellor,  Trans.  Eng.  Ger.  Soc.,  1913,  ii,  1  ;  Collected  Papers,  vol.  i.  p.  339. 

Mellor,  Latimer,  and  Holdcroft,  Trans.  Eng.  Ger.  Soc.,  1909,  g,  126  ;  Mellor,  Collected 
Papers,  vol.  i.  p.  247. 
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from  877°  C.  (the  melting-point  of  litharge)  to  526°  C.  (for  PbO -t  0-21Si02) 
and  then  gradually  increases  it  until  with  a  composition  corresponding  to 
PbO  +  2‘4Si02  softening-point  is  661°.  All  the  softening-points  are  much 
lower  than  the  corresponding  melting-points  in  the  system  litharge-silica. 

A  pottery  glaze,  being  a  supercooled  solution,  has  a  certain  tendency  to 
crystallise.  It  has  been  found  that  the  rate  at  which  a  supercooled  liquid 
crystallises  increases  with  the  degree  of  supercooling  up  to  a  certain  point, 
when  the  further  augmenting  of  the  degree  of  supercooling  leads  to  a  steady 
diminution  of  the  rate  of  crystallisation.  Hence  in  the  cooling  down  of  a 
glazed  pottery  body  there  is  a  certain  temperature  at  which  crystallisation  of 
the  glaze,  when  once  started,  proceeds  at  its  maximum  rate.  Since  in  general 
it  is  not  desired  that  the  glaze  shall  crystallise,  the  temperature  of  the  body 
should  be  hurried  past  this  “  best  crystallising  temperature,”  as  all  the  time 
it  is  in  the  vicinity  of  it  the  body  is  in  a  kind  of  danger-zone.’  The  length  of 
time  that  the  body  is  in  the  danger-zone  depends  upon  the  rate  of  cooling  and 
also  upon  the  rate  at  which  the  velocity  of  crystallisation  diminishes  as  the 
temperature  changes  above  or  below  the  best  crystallising  temperature. 

A.  pottery  glaze  cannot  be  looked  upon  merely  as  an  envelope  for  the  body, 
the  union  being  much  more  intimate.  All  the  time  that  a  glaze  is  maturing 
it  is  attacking  the  surface  of  the  body.  Where  the  glaze  and  body  meet 
there  is  thus  formed  a  concentrated  solution  of  body  in  glaze,  and  owing  to 
the  high  viscosity  of  this  solution  and  of  the  glaze  they  have  not  sufficient 
time  to  become  uniformly  mixed.  Consequently  crystals  sometimes  separate 
out  from  this  intervening  layer  of  solution  on  cooling,  and  cause  the  glaze 
to  peel  off"  from  the  body. 

Although  the  crystallisation  of  a  glaze  is  usually  a  defect,  the  pro¬ 
duction  of  crystalline  glazes  can,  in  certain  circumstances,  be  utilised  for  the 
purposes  of  pottery  decoration.  For  instance,  the  intentional  crystallisation 
of  zinc  silicate  from  glazes  may  be  made  to  produce  extremely  beautiful 
effects.  “  Sunstone  ”  and  “  aventurine  ”  glazes  are  other  well-known 
crystalline  glazes,  in  which  the  crystals  which  separate  out  are  complex 
silicates  somewhat  similar  to  the  micas.^ 

Ilcn'd  porcelain  glazes  are  rich  in  silica  and  alumina  and  comparatively 
poor  in  bases ;  the  only  bases  present  are  potash,  soda,  lime,  and  magnesia. 
At  Sevres  the  hard  porcelain  glaze  consists  of  pegmatite  from  St  Yrieix  ;  in 
Austria  and  Germany  mixtures  of  felspar,  quartz,  and  kaolin  are  used,  with 
the  addition,  at  times,  of  calcium  carbonate  or  sulphate.  The  following  are 
some  of  the  compositions  which  have  been  published  : — 


Felspar 

32-5 

... 

.  .  . 

Kaolin  . 

.'  300 

9-5 

37-5 

37-0 

Quartz  . 

.  44-0 

34-5 

50'0 

37-0 

Chalk  . 

.  •  •  . 

12-0 

12-5 

17-5 

Gypsum 

.  13-5 

.  .  . 

.  .  . 

.  .  . 

Biscuit  porcelain  . 

.  12-5 

11 -5 

... 

8-5 

per  cent. 

)> 

>> 

)) 


Chinese  and  Japanese  porcelain  glazes  are  also  calcareous.  The  composi 
tions  of  porcelain  glazes  fall  within  the  limits  EO :  0‘2R203 :  S’SEOg  and 
R0:1-25E202:12R02. 


1  See  Mellor,  Collected  Papers,  vol.  i.  pp.  6,  47  ;  or  Trans.  Eng.  Cer.  Soc.,  1905,  4, 
49  ;  J.  SoG.  Ghem.  Ind.,  1907,  26,  375  ;  Riddle,  Trans.  Amer.  Cer.  Boc.,  1906,  8,  336. 

2  Ou  crystalline  glazes  see  W.  Burton,  J,  E,  Soc.  Arts,  1901,  49,  213  ;  1904,  52,  595. 


132 


ALUMINIUM  AND  ITS  CONGENERS. 


In  the  porcelains  there  is  a  very  intimate  relation  between  body  and 
glaze,  since  they  are  fired  together  and  are  similar  in  composition.  This  is 
not  so  much  the  case  with  hone  china  glazes,  which  are  applied  to  biscuit 
ware,  usually  contain  both  lead  and  boric  acid,  and  are  very  similar  to  the 
glazes  applied  to  fine  stoneware  and  earthenware.  The  following  are  stated  by 
Burton  to  be  typical  glaze  recipes,  (a)  for  china  ware,  (6)  for  white  earthen¬ 
ware,  and  (c)  for  granite  ware  : — 


Glaze. 

Frit. 

(a) 

W 

(0) 

(a) 

(6) 

(c) 

Frit 

45 

230 

360 

Borax  . 

50 

48 

80 

Flint 

60 

50 

Chalk  . 

16 

38 

30 

Cornish  stone 

is 

160 

50 

Flint 

40 

62 

80 

White  lead 

15 

120 

80 

Cornish  stone 

24 

100 

Felspar  . 

33 

40 

Soda  . 

.  .  . 

26 

40 

China-clay 

... 

30 

At  the  present  time  much  sanitary  ware  is  covered  with  an  opaque  white 
enamel.^  The  enamel  is  fired  on  the  raw  body,  as  with  hard  porcelain;  it 
contains  potash,  lime,  and  zinc  oxide,  but  neither  lead  oxide  nor  boric 
acid,  and  is  rendered  opaque  with  zinc  or  tin  oxide.^  Alkaline  calcareous 
glazes  (Bristol  glazes)  are  used  to  cover  such  common  stoneware  as  pots  and 
jars  used  for  holding  food  or  chemicals.  Stoneware  pipes  are  glazed  by  a 
process  known  as  “  salting,”  in  which  the  goods  are  heated  until  the  requisite 
degree  of  vitrification  has  been  reached,  after  which  a  quantity  of  wet  salt  is 
thrown  into  the  furnaces.  The  vapour  of  sodium  chloride  is  hydrolysed  by 
the  water  vapour  and  the  alkali  set  free  reacts  with  the  clay  on  the  surfaces 
of  the  pipes  to  produce  a  hard,  insoluble  glaze.  The  process  of  salt  glazing 
is  most  successful  with  bodies  rich  in  silica ;  the  ratio  SiO.2 :  AlgOg  may  vary 
between  4 ‘6  and  12 ‘5,  and  in  practice  it  is  usually  about  8.^ 

Common  red  and  brown  pottery  ware  may  be  glazed  by  coating  the  unfired 
bodies  with  powdered  litharge,  red  lead,  or  galena,  and  then  firing.  A  brilliant 
lead  glaze  is  thus  produced  and  its  durability  is  increased  if  flint  and  ball- 
clay  are  also  constituents  of  the  glaze. 

Decoration.- — Colouring  matters  may  be  applied  to  the  decoration  of 
ceramic  products  in  various  ways,  e.y.  : — 

(i.)  They  may  be  introduced  into  the  body,  which  then  becomes  a  coloured 
hody.  It  may  or  may  not  be  glazed. 

(ii.)  A  coloured  body  may  be  used  to  cover  another  body,  either  for  the 
sake  of  economy  or  for  decorating  the  surface  with  paintings  and  with  I'eliefs 
in  different  colours  barhotine”  or  slip  painting).  The  coloured  body  may 
afterwards  be  glazed  if  desired. 

(iii.)  The  colour  may  be  incorporated  into  the  glaze,  which  becomes  a 
coloured  glaze.  ■ 

(iv.)  Colours  may  be  affixed  to  the  surface  of  the  body  and  the  whole  then 
glazed  (under-glaze  colouring). 

(v.)  The  colour  may  be  mixed  with  a  flux,  i.e.  made  into  a  vitrifiable 
colour  and  applied  to  the  surface  of  the  glaze  (over-glaze  or  on-glaze  colouring). 


^  This  is  superior  to  the  older  yet  still  widely  adopted  practice  of  coating  the  articles 
with  a  body  made  of  white  burning  clay  or  a  mixture  similar  to  an  earthenware  body  and 
then  applying  the  glaze  to  this  hue  coating. 

2  See  Purdy,  Trans.  Amer.  Cer  Soc.,  1902,  4,  61  ;  1903,  5,  136. 

®  See  Barringer,  Trans.  Amer.  Cer.  Soc.,  1902,  4,  211, 
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^  Two  or  more  of  these  processes  may  be  utilised  in  decorating  the  same 
object. 

The  best  examples  of  coloured  bodies  are  to  be  found  in  coloured  parians, 
porcelains  and  jaspers,  mosaic  tiles  and  tesserae.  The  bodies  are  rich  in 
felspar,  in  which  the  colouring  matters  dissolve.  The  percentages  of  certain 
colouring  matters  that  may  be  added  to  the  body  mixtures  to  produce  various 
colours  are  as  follows  : — 

Pale  Hue  :  2  per  cent,  of  cobalt  oxide  and  5  per  cent,  of  zinc  oxide. 

Strong  blue  ;  5  per  cent,  of  cobalt  oxide. 

Cfreen  :  2  per  cent,  of  cobalt  oxide  and  4  per  cent,  of  chromic  oxide. 

Blue-green:  2 '5  per  cent,  of  chromic  oxide,  1‘75  per  cent,  of  cobalt  oxide,  and 
1  ’25  per  cent,  of  zinc  oxide. 

Bronze-green :  5  per  cent,  of  nickel  oxide. 

Brown  ;  1  to  5  parts  of  ferric  oxide. 

Yelloio  :  10  parts  of  titanium  dioxide. 

Black :  7  per  cent,  of  ferric  oxide  and  3  per  cent,  of  cobalt  oxide. 

Coloured  glazes  are  usually  applied  to  white  bodies.  Iii  most  cases  the 
basis  of  the  glaze  is  a  frit  rich  in  lead.  For  use  with  soft  porcelains  and 
white  earthenwares  Salvetat  proposed  the  following  recipe  for  the  frit : — • 

Red  lead  .....  2000  parts 

Flint .  1000  „ 

Calcium  borate  ....  500  „ 

The  glaze  prepared  from  these  amounts  of  raw  materials  may  be  mixed  with 
various  metallic  oxides  to  produce  coloured  glazes.  Thus,  blue  requires  40  to 
125  parts  of  cobalt  oxide,  blue-green,  100  to  500  of  cupric  oxide;  ivory  to 
deep  yellow,  70  to  200  of  ferric  oxide;  madder  to  purplish-brown,  70  to  125 
of  manganese  dioxide ;  etc. 

From  terra-cotta  bodies  that  fire  to  orange  or  red  tints  it  is  only  possible 
to  produce  red,  brown,  and  black  wares  by  the  use  of  coloured  glazes.  For 
other  colours  the  bodies  must  either  be  covered  with  slips  or  decorated  with 
enamels.  On  the  other  hand,  with  yellowish  terra-cotta  bodies  there  is  little 
difficulty  in  producing  yellow,  green,  and  blue  wares. 

Coloured  terra-cotta  bodies  may  be  decorated  with  enamels.  With  highly 
calcareous  bodies  a  sodium  lead  silicate  rendered  opaque  by  tin  dioxide  is 
used  to  produce  a  white  enamel,  and  this  is  coloured  by  the  addition  of 
suitable  materials,  e.g.  lead  antimonate  for  yellow,  cobalt  oxide  for  blue, 
cupric  oxide  for  green,  manganese  dioxide  for  violet,  etc. 

Under-glaze  colours  are  applied  to  pottery  bodies  before  they  are  glazed. 
Accordingly,  they  must  resist  the  action  of  the  glaze  at  its  softening-point 
and  be  sufficiently  infusible  to  remain  still  under  it ;  moreover,  they  must 
have  such  rates  of  expansion  as  to  agree  with  both  body  and  glaze,  since 
otherwise  the  glaze  will  fly  off  in  flakes.  The  ingredients  commonly  used  in 
the  preparation  of  under-glaze  colours  are  as  follows  (Burton)  : — 

Black  r  8  of  iron  chromate,  3  of  trimanganic  tetroxide,  3  of  cobalt  oxide,  and 
1  of  flint. 

Bark  blue  :  4  of  cobalt  oxide,  1  of  chalk,  and  1  of  flint. 

Azure  blue  :  3  of  cobalt  oxide  and  60  of  ammonium  alum. 

Blue-green :  12  of  zinc  oxide,  24  of  chromic  oxide,  4  of  cobalt  oxide,  12  of  chalk,  and 
12  of  borax. 

Brown  :  8  of  iron  chromate,  4  of  zinc  oxide,  and  2  of  ferric  oxide. 

Reddish-brown :  6  of  precipitated  iron  chromate,  3  of  litharge,  and  20  of  zinc  oxide. 

Pink:  100  of  stannic  oxide,  34  of  chalk,  1  of  chromic  oxide,  and  5  of  silica. 

Yellow  :  6  of  red  lead,  3  of  antimony  oxide,  1  of  stannic  oxide,  and  2  of  flint. 
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Each  of  the  preceding  colours  is  prepared  by  finely  grinding  and  thoroughly 
mixing  the  constituents,  strongly  calcining  the  mixture,  and  regrinding 
the  product. 

On-glme  colours  are  fusible  coloured  glasses  which,  when  applied  to  an 
article  already  glazed  and  then  refired,  become  fused  to  the  surface.  The 
basis  of  an  on-glaze  colour  is  a  readily  fusible  glass  (termed  a  fiux)  prepared 
by  fusing  together  red  lead,  silica,  and  borax  in  suitable  proportions.  The 
following  compositions  are  largely  used  in  Staffordshire  (Burton) : — 


1 

2 

3 

4 

5 

Red  lead  .... 

64-5 

50-0 

30-5 

15-8  . 

40-0 

Silica  .  . 

21-5 

16-7 

41-7 

21-2 

20-0 

Borax  (cryst.) 

•  •  • 

33-3 

27-8 

63-0 

40-0 

Flint  glass  .... 

140 

... 

... 

... 

The  powdered  flux  is  mixed  with  suitable  colouring  materials,  and  then, 
in  general,  the  mixture  is  fused,  cooled,  and  re-ground  to  powder.  The 
following  compositions  are  given  by  Burton  (fluxes  as  in  preceding  table)  : — 

Pale  yellow  ;  14  of  potassium  antimonate,  6  of  zinc  carbonate,  and  80  of  flux  No.  1. 

Orange  :  14  of  potassium  antimonate,  6  of  ferric  oxide,  and  80  of  flux  No.  1. 

Uranium  orange  :  25  of  yellow  oxide  of  uranium  and  75  of  flux  No.  1. 

Pale  grey  :  5  of  cobalt  carbonate,  3  of  ferric  hydroxide,  and  92  of  flux  No.  2. 

Strong  grey  :  6  of  cobalt  carbonate,  13  of  ferric  hydroxide,  13  of  zinc  carbonate,  and 
68  of  flux  No.  2. 

Strong  Mack  :  10  of  cobalt  carbonate,  10  of  ferric  hydroxide,  and  80  of  flux  No.  2. 

Iridium  Hack  :  25  of  iridium  sesqui-oxide  and  75  of  flux  No.  2. 

Uranium  black  :  25  of  black  oxide  of  uranium  and  75  of  flux  No.  2. 

Pale  blue  :  6  of  cobalt  carbonate,  14  of  zinc  oxide,  and  80  of  flux  No.  2. 

Strong  blue  :  13  of  cobalt  carbonate,  26  of  zinc  carbonate,  and  61  of  flux  No.  2. 

Sea-green  :  20  of  copper  carbonate  and  80  of  flux  No.  2. 

Yellowish-brown  :  10  of  ferric  oxide,  15  of  zinc  carbonate,  and  75  of  flux  No.  2. 

Red  :  25  of  ferric  oxide  and  75  of  flux  No.  2.^ 

Rose  :  12  of  Purple  of  Cassius,  1  of  precipitated  silver,  and  87  of  flux  No.  3.® 

Purple  :  7  of  Purple  of  Cassius,  3  of  gold  oxide,  and  90  of  flux  No,  I.'-* 

Bluish-green  :  6  of  cobalt  carbonate,  19  of  chromic  oxide,  and  75  of  flux  No.  5. 

Both  under-glaze  and  on-glaze  colours  are  mixed  with  resinous  media  and 
applied  by  painting,  stencilling,  transferring  from  printed  or  lithographed 
patterns,  or  in  a  number  of  other  ways. 

Decoration  with  metals  is  often  applied  to  pottery.  Gold,  platinum,  and 
silver  are  used  for  this  purpose,  usually  for  over-glaze  decoration.  Gold, 
platinum,  silver,  copper,  iron,  or  lead  may  also  be  applied  to  pottery  in  such  a 
manner  as  to  cover  it  with  a  very  thin,  iridescent,  metallic  film  (lustre  pottery). 


1  For  the  production  of  ferric  oxide  red,  ferrous  sulphate  is  calcined  at  400°-420°  until  a 
brilliant  red  oxide  is  obtained  ;  the  oxide  is  then  simply  mixed  with  the  flux  and  not  fused 
with  it. 

^  The  colours  obtained  from  gold  are  carefully  heated  to  suitable  temperatures  below  a 
red  heat. 
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ULTRAMARINE.! 

It  has  been  already  mentioned  (p.  95)  that  the  blue  mineral  lazurite, 
extracted  from  lapis-lazuli  rock  by  powdering  and  washing  with  water,  was 
for  many  years  prized  as  a  valuable  pigment  under  the  name  of  ultramarine. 
The  composition  of  the  natural  substance  was  determined  by  Klaproth^  and 
by  Clement  and  D4sormes,®  and  in  1828  J.  B.  Guimet  commenced  the  manu¬ 
facture  of  artificial  ultramarine.  The  artificial  product  is  now,  and  has  been 
for  some  years,  produced  on  a  very  large  scale,  the  annual  production  ranging 
from  ten  to  fifteen  thousand  tons.^ 

Manufacture  of  Ultramarine  Blue. — The  constituent  elements  of 
ultramarine  are  sodium,  aluminium,  silicon,  sulphur,  and  oxygen.  The 
pigment  is  prepared  by  a  method  which  may  be  looked  upon  as  the  calcination 
of  a  mixture  of  an  alumiuosilicic  acid  and  sodium  sulphide.  The  raw  materials 
are  as  follows  ; — 

(i.)  Clay.  China-clay  or  high-grade  pottery  clays  are  used. 

(ii.)  Silica.  Kieselguhr  is  usually  employed,  but  occasionally  finely 
powdered  quartz  is  used. 

(iii.)  Glauber  salt.  The  best  quality  of  sodium  sulphate,  free  from  iron 
or  acid,  is  calcined  and  finely  powdered. 

(iv.)  Sodium  carbonate.  The  best  commercial  soda  ash  is  calcined  and 
finely  powdered. 

(v.)  Sulphur.  Rod  or  stick  sulphur  practically  free  from  non-volatile 
matter  is  used. 

(vi.)  Carbon.  Pine  charcoal  is  usually  preferred ;  it  is  replaced  at  times 
by  pitch,  tar,  colophony,  etc. 


^  For  further  information  on  ultramarine,  see  Zerr  and  Riibencamp,  Treatise  on  Colour 
Manufacture,  transl.  by  Mayer  (C.  Griffin  &  Co.,  Ltd.,  1909) ;  Berscb,  Mineral  and  Lalce 
Pigments,  transl.  by  Wright  (Soott,  Green  wood&  Son,  1901) ;  Parry  and  Coste,  TheChemistry 
of  Pigments  (Scott,  Greenwood  &  Son,  1902) ;  Thorpe,  Dictionary  of  Applied  Chemistry 
(Longmans  &  Co.,  1912-1913),  vol.  v.  ;  Moissan,  Traiti  de  chimie  minerale  (Paris,  1905), 
vol.  iv. ;  Dimmer,  Handhuch  der  anorganischen  Chemie{BiuiigB,rt,\?>^2,),Yo\.ii\.  •,  B,.  Hoft- 
mann.  Das  Ultramarin  (Frankfurt,  1873,  and  Brunswick,  1902) ;  Friend,  An  Introduction 
to  the’ Chemistry  of  Paints  (Longmans  &  Co.,  1910). 

2  Klaproth,  Mwra.  GAfjn.,  1797,  21,  150. 

3  Clement  and  Desormes,  ibid. ,  1806,  57,  317.  Other  analyses  are  cited  by  Guckelberger, 

MwiaZew,  1882,  213,  208.  ,  „  . 

^  On  the  history  of  artificial  ultramarine,  see  Loir,  Mdm.  Acad.  hex.  Lyons,  1878,  23, 
333  ;  Heintze,  J.  pralct.  Chem.,  1891,  [ii.],  43,  98  ;  Moissan,  Traitide  chimie  minirale 
vol  ’iv  p  114.  See  also  the  following  early  memoirs :  Vauquelin,  Ann.  Chim.,  1814,  89,  88  ; 
Kuhlmann,  Ann.  Chim.  Phys.,  1829,  40,  439  ;  J.  B.  Guimet,  iUd. ,  1831 , 46,  433  ;  Merimee, 
Bull.  Soc.  Enc.,  1828,  27,  344;  C.  Gmelin,  Ann.  Chim.  Phys.,  1828,  [11.],  37,  409  ; 
Breunlin,  Annalen,  1856,  97)  Chim.  Phys.,  1856,  [iii. ],  48) 
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Three  chief  varieties  of  ultramarine  blue  are  found  in  commerce,  viz. : — 
(i.)  Glauber  salt  or  sulphate  ultramarine,  the  palest  variety,  which 
possesses  small  covering  power. 

(ii.)  Soda  ultramarine  poor  in  sulphur,  a  pure  blue  variety,  darker  and 
possessed  of  more  covering  power  than  (i.). 

(iii.)  Soda  ultramarine  rich  in  sulphur  and  silica,  the  darkest  variety.  It 
possesses  considerable  “body”  and  is  more  resistant  towards  alum  than  (i.) 
or  (ii.). 

The  first  step  in  the  manufacture  consists  in  the  powdering  and  mixing 
of  the  ingredients.  The  most  suitable  proportions  are  given  by  Zerr  and 
Rlibencamp  as  follows  : — 


Ultramarine  Blue. 

Pale,  or  (i.). 

Medium,  or  (ii.). 

Dark,  or  (iii. ). 

China-clay  .... 

100 

100 

100 

Soda . 

9 

100 

103 

Glauber  salt  .... 

120 

0 

0 

Carbon . 

25 

12 

4 

Silica  (Kieselguhr) 

0 

0 

16 

Sulphur . 

16 

60 

117 

The  second  step  consists  in  roasting  the  mixed  materials.  This  is  carried 
out  either  by  {a)  the  direct  or  (b)  the  indirect  process.  All  ultramarines  rich 
in  silica  and  a  certain  amount  of  the  other  varieties  poorer  in  silica  are  made 
by  the  former  method  ;  but  the  greater  part  of  the  ultramarine  poor  in  silica 
is  prepared  by  the  latter  method,  in  which  ultramarine  green  is  formed  as 
an  intermediate  product.  Both  these  are  dry  processes ;  wet  methods  have 
been  described  and  patented,  but  do  not  seem  to  have  been  adopted  on  a 
large  scale.^ 

In  the  direct  process  the  roasting  is  carried  out  in  such  a  manner  that 
air  has  access  to  the  material.  Charges  amounting  to  as  much  as  5  tons 
may  be  treated  by  this  process,  the  heating  being  carried  out  in  stone  troughs, 
20  feet  long  and  10  feet  wide,  placed  in  a  furnace  in  such  a  manner  that  they 
can  be  reached  on  all  sides  by  the  flames.  The  troughs  are  filled  to  a  depth 
of  12  to  16  inches,  covered  with  firebricks,  and  heated  for  about  three  weeks.^ 
It  has  been  proposed  to  hasten  the  preparation  by  adding  sodium  chlorate  as 
an  oxidising  agent.® 

In  the  indirect  process  the  material  is  filled  into  crucibles,  the  lids  are  fixed 
on  with  a  mortar  of  clay,  the  crucibles  stacked  in  layei's  in  a  furnace  and 
heated,  slowly  at  first,  eventually  to  a  bright  red  heat.  By  this  means  air  is 
excluded  from  the  mass  and  green  ultramarine  produced.  The  crucibles 
are  opendd  when  the  furnace  has  completely  cooled  down,  and  the  green 
product  is  removed  and  powdered.  It  is  then  converted  into  blue  ultra- 
marine  by  roasting  it  with  sulphur.  The  process  is  carried  out  in  ii’on  or  fire¬ 
clay  retorts,  either  (i.)  by  introducing  the  green  ultramarine,  together  with  the 


1  Knapp,  J,  praht.  Chem.,  1885,  [ii.],  32,  376  ;  1888,  [ii.],  38,  48;  MTvor,  Eng.  Pat. 
9200  (1890);  M'lvor  and  Cruickshank,  Eng.  Fat.,  19,411(1892). 

2  Numerous  special  furnaces  have  been  patented:  Eng.  Pat.,  18,527  (1890);  Fr.  Pat. 
399,211  ;  400,103  ;  403,247  ;  407,089  (1908) ;  410,055  (1909);  425,585  (1910). 
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requisite  amount  of  sulphur,^  into  a  red-hot  retort  and  raking  the  mass  over 
at  intervals  until  the  sulphur  has  burnt  away,  or  (ii.)  by  heating  the  green 
ultramarine  and  gradually  adding  the  sulphur,  each  portion  of  which  is 
allowed  to  biirn  away  before  the  next  is  added. 

The  crude  ultramarine  blue,  however  it  has  been  prepared,  is  extracted 
with  hot  water  to  remove  soluble  salts,  sodium  sulphate  being  recovered 
from  the  washings.  The  blue  is,  while  wet,  ground  to  the  requisite  degree 
of  fineness  and  separated  into  particles  of  different  sizes  by  levigation. 
The  various  grades  are  then  dried  in  sheds,  on  drying  hearths,  in  special 
drying  rooms,  or  by  any  other  convenient  method.  Finally,  the  dried  products 
are  crushed  and  sifted.  The  cheaper  brands  of  ultramarine  are  usually 
adulterated  with  10-50  per  cent,  of  gypsum  or  other  cheap  filler.^ 

According  to  Singer®  ultramarine  and  analogous  bodies  may  be  prepared 
by  treating  zeolites  or  similar  compounds  with  sulphides,  hydrosulphides, 
polysulphides  or  oxysulphides  of  the  alkali  or  alkaline  earth  metals. 

Properties. — Ultramarine  blue  crystallises  in  the  cubic  system,  iso- 
morphous  with  the  minerals  sodalite  and  hauynite.  The  commercial  article 
consists  of  a  bright,  azure- blue,  impalpable  powder,  insoluble  in  water; 
minute  particles  remain  suspended  in  that  liquid  for  a  long  time,  the  whole 
resembling  very  closely  an  inorganic  suspension  colloid.^  It  withstands  a 
red  heat  fairly  well,  but  loses  some  of  its  brilliancy  and  turns  somewhat 
greenish  in  colour.  When  heated  with  water  under  pressure  to  200'’-300° 
it  leaves  a  colourless  residue  free  from  sulphur,  and  sodium  sulphide  passes 
into  solution.  It  also  loses  its  sulphur  when  heated  with  mercui’ic  oxide.® 
It  is  stable  towards  alkalies,  but  is  readily  decomposed  by  dilute  mineral  acids 
with  the  precipitation  of  sulphur  and  the  evolution  of  hydrogen  sulphide.® 
It  is  accordingly  very  remarkable  that  cold,  concentrated  (or  fuming)  sulphuric 
acid,  or  a  mixture  of  acetic  anhydride  and  glacial  acetic  acid,  has  no  action 
upon  it.'^  Ultramarine  possesses  hydraiilic  properties  and  increases  the  bind¬ 
ing  power  of  cement.® 


1  Seven  per  cent,  with  soda  green  and  ten  per  cent,  with  Glauber  salt  green. 

2  Eor  further  details  concerning  the  manufacture  of  ultramarine,  see  E.  Guimet,  Ann. 
CMm.  rhys.,  1878,  [v.],  13,  102  ;  Rawlins,  J.  Soc.  Cheni.  Ind.,  1887,  6,  791  ;  Pichot  and 
Grangier,  ibid.,  1888,  7,  673  ;  Rohrig,  Chem.  Zeit.,  1883,  7,  667  ;  J.  Wunder,  ibid.,  1890, 
14,  1119  ;  Jordan,  Zeitsch.  angew.  Chem.,  1893,  6,  684,  and  the  works  cited  on  p.  135. 

®  Singer,  D.R.P.,  No.  221,344  (1909). 

<  Ebell,  Ber.,  1883,  16,  2429. 

®  Chabrie  and  Levallois,  Compt.  rend.,  1906,  143,  222. 

®  As  a  matter  of  fact,  both  sulphur  dioxide  and  hydrogen  sulphide  are  evolved.  The 
latter,  however,  is  in  excess,  and  part  of  it  is  used  up  in  decomposing  the  sulphur  dioxide. 
In  the  presence  of  an  arsenite  or  a  cadmium  salt  the  hydrogen  sulphide  may  be  used  up  in 
forming  arsenious  or  cadmium  sulphide,  and  the  evolution  of  sulphur  dioxide  may  then  be 
observed.  See  Guckelberger,  Annalen,  1882,  213,  182. 

According  to  L.  Wunder  anorg.  Chem.,  1912,  77,  209),  ultramarine  blue  loses 

one-fourth  of  its  sulphur  as  hydrogen  sulphide  when  treated  with  dilute  hydrochloric  acid. 
This  is  peculiar,  however,  to  the  sample  of  ultramarine  he  used.  Other  samples  give 
different  results ;  e.g.  sample  7  quoted  in  the  table  on  p.  139  lost  one-third  of  its  sulphur 
as  hydrogen  sulphide,  and  two-thirds  of  this  hydrogen  sulphide  was  used  up  in  decomposing 
the  sulphur  dioxide  simultaneously  produced  (B,  Campbell,  private  communication ;  see 
also  Guckelberger,  loc.  cit. ). 

’  K.  A.  Hofmann  and  Metzener,  Ber.,  1905,  38,  2482  ;  L.  Wunder,  Zeitsch.  anorg.  Chem., 
1912,  77,  209.  When  heated  with  concentrated  sulphuric  acid  a  white  residue  is  ultimately 
obtained,  the  blue  colour  giving  place  successively  to  blue-black,  greenish,  black,  purple, 
grey,  greenish-grey,  and  white.  The  purple  material  agrees  in  its  composition  and  general 
properties  with  violet  ultramarine  (B.  Campbell,  jjrivate  communication). 

®  Rohland,  Zeitsch.  angew.  Chem.,  1904,  17,  609. 
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Ultramarine  blue  loses  part  of  its  sulphur  when  heated  in  hydrogen  to 
450°,  but  still  retains  its  blue  colour.  When  heated  to  250°  in  a  stream  of 
chlorine,  hydrogen  chloride,  and  steam,  it  is  transformed  into  violet  ultramarine^ 
which  is  transformed  into  red  ultramarine  when  heated  to  1 30°-l  50°  in  a  stream 
of  hydrogen  chloride.^  Blue  ultramarine  may  be  directly  transformed  into 
the  red  substance  by  heating  to  400°  in  nitric  oxide.®  The  properties  of  the 
red  and  violet  ultramarines  have  been  examined  by  L.  Wunder.  Each  is 
produced  from  the  blue  by  loss  of  sodium  and  sulphur;  in  the  conversion 
from  blue  into  red,  half  of  each  of  these  constituents  is  removed.  Both  the 
red  and  the  violet  products  are  decomposed  by  hydrochloric  acid  with  the 
evolution  of  sulphur  dioxide  ^  and  the  separation  of  sulphur,  and  both  lose 
a  further  quantity  of  sulphur  when  heated  in  hydrogen,  leaving,  however, 
bright  blue  residues. 

Ultramarine  blue  is  converted  into  a  white  solid,  with  the  loss  of  sodium 
and  sulphur,  when  heated  under  pressure  to  150°  with  a  solution  of 
phosphorus  in  carbon  tetrachloride.  The  product  loses  water  and  sulphur 
dioxide  when  heated,  the  residue  becoming  green  and  then  blue.  With 
hydrochloric  acid  it  evolves  hydrogen  sulphide,  and  when  treated  with  sodium 
hypobromite  it  turns  bright  blue.® 

When  commercial  ultramarine  blue  is  heated  to  120°-140°  under 
pressure  with  aqueous  silver  nitrate  for  fifteen  hours,  it  is  converted  into 
a  dark  yellow  silver  ultramarine,  silver  nitrite  and  nitric  oxide  also  being 
produced,  but  not  silver  sulphide.®  The  silver  ultramarine  is  produced  by 
the  replacement  of  sodium  in  the  blue  ultramarine  by  silver,  the  complete 
substitution,  however,  being  difficult  to  effect.  By  heating  silver  ultra- 
marine  with  molten  metallic  chlorides  it  is  possible  to  replace  the  silver  by 
numerous  other  metals.  The  preparation  of  mercurous,  cadmium,  lead, 
lithium,  and  calcium  ultramarines  has  also  been  effected  directly  from  ultra- 
marine  blue  by  heating  under  pressure  with  aqueous  salt  solutions.'^  The 
replacement  of  the  sodium  by  the  tervalent  metals  aluminium,  chromium, 
and  iron  cannot,  however,  be  thus  effected,  the  ultramarine  being  decomposed, 
but  L.  Wunder  considers  that  aluminium,  chromium,  and  iron  ultramarines 
are  produced  as  intermediate  products  which  are  very  unstable  and  decompose 
rapidly.  It  has  been  known  for  years  that  a  solution  of  alum  slowly 
decolorises  ultramarine  blue,  and  the  change  has  been  attributed  to  the 
hydrolysis  of  the  salt  and  consequent  presence  of  free  acid  in  the  solution. 
In  connection  with  the  various  ultramarines  of  different  metals,  it  is  possibly 
of  considerable  significance  that  only  those  of  the  alkali  metals  are  blue  in 


1  J.  Wunder,  Ber.,  1876,  g,  295  ;  Chem.  Zeit.,  1890,  14,  1119;  1906,  30,  61,  78; 
1911,  35,  221 ;  L.  Wunder,  Zeitsch.  anorg.  Chem.,  1912,  77,  209  ;  cf.  Zettner,  Ber.,  1875, 
8,  259,  353. 

2  J.  Wunder,  loc.  cit.  ;  cf.  Zettner,  loc.  cit.  ;  Scheffer,  Ber.,  1873,  6,  1450  ;  Buchner, 
Dingl.  poly.  J.,  1879,  231,  446  ;  Ber.,  1874,  7,  990  ;  R.  Hoffmann,  Annalcn,  1878,  194,  1, 

®  L.  Wunder,  loc.  cit. 

^  Cf.  footnote  6  on  p.  137. 

®  L.  Wunder,  Zeitsch.  anorg.  Chem.,  1912,  77,  209  ;  Chem.  Zeit.,  1913,  37,  1017.  For 
other  white  ultramarines,  see  Philipp,  Ber.,  1876,  9,  1109  ;  1877,  10,  1227  ;  Annalen,  1876, 
184,  132;  1878,  191,  1  ;  Bottinger,  Annalen,  1876,  182,  311  ;  R.  Hoffmann,  ibid.,  1878, 

194.  1- 

®  Unger,  Dingl.  poly.  J.,  1874,  212,  232  ;  Heumann,  Ber.,  1877,  10,  991,  1345,  1888  ; 
1879,  12,  60,  784  ;  Annalen,  1879,  199,  253  ;  1880,  201,  262  ;  203,  174  ;  Philipp,  loc.  cit.  ; 
de  Forcrand  and  Ballin,  Bull.  Soc.  chim.,  1878,  [ii.],  30,  112  ;  Chabrie  and  Levallois, 
Compt.  rend.,  1906,  143,  222. 

’  L.  Wunder,  Zeitsch.  anorg.  Chem.,  1912,  77,  209. 
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colour.^  Thus,  the  manganese  compound  is  grey,  the  silver  compound  is 
yellow,  etc. 

When  silver  ultramarine  is  heated  under  pressure  with  a  suitable  organic 
iodide,  the  silver  is  replaced  by  an  organic  radicle.  In  this  manner  ethyl, 
amyl,  benzyl,  and  phenyl  ultramarines  have  been  prepared.®  Their  formation 
is  not  merely  a  question  of  substituting  silver  for  an  organic  radicle,  since 
part  of  the  sulphur  is  also  removed.  The  organic  ultramarines  do  not 
evolve  hydrogen  sulphide  when  treated  with  cold  hydrochloric  acid.  When 
heated  with  sodium  chloride,  however,  they  give  rise  to  a  blue  sodium 
ultramarine.  When  heated  alone,  organic  sulphides  {e.g.  ethylsulphide)  are 
evolved. 

Green  ultramarine  has  been  already  mentioned  as  an  intermediate  product 
in  the  manufacture  of  the  commercial  blue  variety.  In  the  conversion  of 
the  green  into  the  blue,  sodium  is  removed  but  sulphur  is  not  added  on ; 
the  conversion  may  be  effected  by  heating  in  a  sealed  tube  with  water.® 

When  ultramarine  red  is  heated  out  of  contact  with  air  it  loses  a  little 
in  weight  and  is  converted  into  a  blue  product ;  like  the  commercial  blue, 
but  unlike  the  red  ultramarine,  this  new  blue  product  evolves  hydrogen 
sulphide  when  treated  with  hydrochloric  acid.  It  differs  from  the  com¬ 
mercial  blue  in  that  it  is  not  reduced  to  a  white  product  by  the  action  of 
phosphorus,  and  is  not  transformed  into  a  violet  product  by  heating  to  170° 
-250°  in  chlorine  and  hydrogen  chloride.^ 

Uses. — Owing  to  its  brilliancy  as  a  body  colour  and  high  colouring 
power,  ultramarine  blue  is  largely  used  in  the  preparation  of  blue  paints 
in  calico  and  wall-paper  printing,  for  colouring  writing  paper  and  printing 
ink,  blueing  mottled  soap,  etc.  It  is  also  of  value  as  a  whitening  agent,  cor¬ 
recting  the  yellow  tint  of  paper,  cotton  and  linen  goods,  whitewash,  soap, 
starch,  sugar,  etc.  It  also  finds  considerable  application  in  the  manufacture 
of  laundry  “blue.” 

Constitution. — It  has  been  already  mentioned  (p.  136)  that  several 
grades  of  ultramarine  blue  are  manufactured,  differing  considerably  in  their 
silica  and  sulphur  content.  Numerous  analyses  of  ultramarine  blue  have 
been  published ;  a  selection  is  given  in  the  following  table  : —  ® 


Constituent. 

1 

2 

3 

4 

5 

6 

7 

SiOg .... 

40-7 

37-9 

42-4 

41 -0 

41-3 

38-3 

40-4 

AI2O3 

24-0 

30-5 

24-0 

24  •] 

24-5 

29-2 

23-6 

Fe^Og  . 

... 

... 

1-1 

S  .  .  .  . 

13-6 

8-9 

15-4 

14-0 

13'3 

9-3 

13-6 

Na  .... 

17-4 

16-9 

13'9 

16-4 

14-5 

15-6 

14-6 

H2O  . 

... 

•  »  • 

07 

.  .  . 

Ca  .  .  .  . 

... 

0-4 

6-7 

1  De  forcrand,  Bull.  Soc.  chim.,  1879,  [ii.],  31,  161  ;  L.  Wunder,  loc.  cit. 

2  De  Forcrand,  Compt.  rend.,  1879,  88,  SO;  Bull.  Soc.  chim.,  1879,  [ii.],  1^1; 

Chabrie  and  Levallois,  loc.  cit.  \  ef.  Singer,  D.B.P.,  No.  221,344  (1909). 

3  Philipp,  ^«r.,  1876,  9,  1109. 

^  L.  Wunder,  Zeitsch.  anorg.  Chew..,  1913,  79j 

®  Samples  1  and  2  analysed  by  R.  Hoffmann  {Annalen,  1878,  194,  1) ;  sample  3  by 
Parry  and  Coste  {The  Chemistry  of  Figments,  1902);  sample  4  is  the  mean  of  several 
analyses  by  Guckelberger  {Annalen,  1882,  213,  182) ;  samples  6  and  6  by  L.  Wunder 
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It  is  clear  that  different  samples  of  ultramarine  blue  may  have  widely  different 
compositions.  According  to  L.  Wunder,  the  substance  always  contains  a  little 
“  water  of  constitution.” 

Owing  to  the  highly  complex  chemical  constitution  of  the  ultramarines 
and  their  derivatives,  chemists  are  not  yet  agreed  as  to  the  chemical  formulaj 
to  be  assigned  to  them.  It  is  quite  possible  that  the  commercial  ultra- 
marines  contain  a  number  of  closely  related  compounds  in  isomorphous 
mixture.  The  ultramarines  are  probably  sodium  aluminosilicates  modified  in 
some  manner  by  the  presence  of  sulphur  in  the  molecules.  Various  suggestions 
as  to  the  position  of  the  sulphur  in  an  ultramarine  molecule  have  been  put 
forward ;  thus,  Wunder  regards  the  sulphur  liberated  in  the  form  of  hydrogen 
sulphide  by  acids  as  being  present  in  the  grouping  >  A1  -  S  -  Na  : — 

>A1-S-Na  +  2HC1  =  >  AlCl  H- H.S  +  NaCl, 

while  groupings  such  as  >Si(ON'a)(SONa)  lead  to  deposition  of  sulphur  when 
the  molecule  is  broken  up  by  acids  :  — 

/O.Na  /O.H 

>Si<^  >Si<(^  >Si ;  0  H- H2O -H  S. 

^S.O.Na  ^S.O.H 

W.  and  D.  Asch  consider  that  there  is  an  atom  of  oxygen  between  the 
aluminium  and  the  sulphur,  but  otherwise  the  corresponding  part  of  their 
formula  is  similar  to  that  of  Wunder. 

For  further  information  on  the  constitution  of  ultramarine  the  reader  is 
referred  to  the  literature.^ 

The  Colour  of  Ultramarine. — The  cause  of  the  beautiful  colour  that 
ultramarine  possesses  is  at  present  unknown. ^  Two  views  are  advocated  : 
first,  that  there  is  a  definite  chemical  individual  (or  series  of  allied 
individuals)  which  constitutes  the  basis  of  ultramarine  and  has  a  blue 
colour,  and  secondly,  that  the  colour  is  more  or  less  an  accidental  circum¬ 
stance.  On  the  second  view,  it  is  considered  that  the  basis  of  ultramarine 


{Zeitsch,  anorg.  Chem.,  1912,  77,  209) ;  sample  7  B.  Campbell  (private  communication). 
Numerous  other  analyses  are  quoted  by  Guckelberger  {loc.  cit.),  Philipp  {Annalen,  1876,  184, 
132;  1878,  191,  1),  Bottinger  {ibid.,  1876,  182,  311),  Heumann  {ibid.,  1879,  199,  253; 
1880,  201,  262),  Jordan  {Zeitsch.  angew.  Chem.,  1893,  6,  684),  and  de  Forcrand  (in 
Moissan’s  TraiU  de  chimie,  1905,  vol.  iv.) ;  see  also  Dammer,  Handbuch  der  aiiorganischen 
Ghemie  (Stuttgart,  1893),  vol.  iii. 

1  Breunlin,  Annalen,  1856,  97.  295  ;  Wilkens,  ibid.,  1856,  99,  21  ;  Bockmann,  ibid., 
1861,  118,  212;  Bottinger,  ibid.,  1876,  182,  311;  Philipp,  ibid.,  1877,  184,  132;  1878, 
191,  1;  Heumann,  lifeid.,  1879,  199,  253  ;  1880,  201,  262;  203,  174  ;  R.  Holfmann,  ibid., 
1878,  194,  1  ;  Guckelberger,  ibid.,  1882,  213,  182;  Szilasi,  ibid.,  1889,  251,  97  ;  Dollfuss 
and  Goppelsroder,  Bull.  Soc.  Ind.  Mulh.,  1876,  45,  193,  196  ;  Stein,  J.  frakt.  Chem.,  1871, 
[ii.],  3,  38;  Plicque,  Gompt.  rend.,  1877,  85,  570  ;  Bull.  Soc.  chim.,  1877,28,  518;  29, 
51  ;  fcckmann,  Ber,,  1878,  ii,  2013  ;  de  Forcrand,  M4m,  Acad.  Sci.  Lyons,  1879,  24,  141 ; 
Silber,  Ber.,  1880,  13,  1854  ;  F.  W.  Clarke,  Amer.  Chem.  J.,  1888,  10,  126  ;  J.  Wunder, 
Chem.  Zeit.,  1890,  14,  1119  ;  Brbggerand  Backstrbm,  Zeitsch.  Kryst.  Min.,  1891,  18,  209  ; 
Puchner,  Chem.  Zentr.,  1896,  i.  1051  ;  Rohland,  Zeitsch.  angeiv.  Chem,,  1904,  17,  609  ; 
Erdmann,  Annalen,  1908,  362,  133  ;  L.  Wunder,  Zeitsch.  anorg.  Chem.,  1912,  77,  209  ; 
Bock,  Zeitsch.  angew.  Chem.,  1915,  28,  147.  Most  of  the  foregoing  are  included  in  W.  and 
D.  Asch,  The  Silicates  in  Chemistry  and  Commerce,  transl.  by  Seaide  (Constable,  1913). 

^  The  early  view  that  lapis-lazuli  owed  its  blue  colour  to  copper  was  disproved  in  1762 
by  Margraff,  who  attributed  it  to  iron.  In  1806  Clement  and  Desormes  showed  that  some 
specimens  of  lapis-lazuli  were  free  from  iron. 
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is  a  colourless,  transparent  solid,  which  holds  in  colloidal  suspension  or 
solid  solution  a  small  amount  of  another  substance  which  gives  rise  to 
the  blue  colour.  This  second  substance  is  generally  considered  to  be  a  blue 
form  of  sulphur.^ 

The  arguments  used  in  favour  of  the  colloidal  sulphur  theory  are  largely 
based  on  analogy,  various  reactions  being  known  in  which  it  is  very  probable 
that  colloidal  sulphur  is  produced  and  in  which  a  blue  colour  is  developed. 
Thus,  potassium  thiocyanate  ^  turns  blue  when  melted  and  heated  to  400°, 
and  molten  sodium  chloride  or  sulphate  becomes  bright  blue  when  a  little 
sulphur  is  added  and  the  mass  heated  until  the  initial  black  turbidity 
vanishes.®  When  alkali  polysulphides  are  added  to  various  boiling  organic 
solvents,  blue  solutions  are  obtained,  which  usually  lose  their  colour  when 
cooled.^  Moreover,  at  very  high  temperatures  sulphur  vapour  is  blue  in 
colour.® 

It  cannot  be  considered,  however,  that  the  colloid  theory  is  well  established. 
The  objection  based  upon  the  fact  that  ultramarine  retains  its  colour  at  high 
temperatures  is  perhaps  not  very  serious,  but  it  is  difficult  to  see  how  the 
theory  is  to  explain  the  existence  of  red,  violet,  and  green  ultramarines. 
It  would  necessitate  all  the  colours  being  attributed  to  colloidal  sulphur  in 
various  states  of  division,  and  the  assumption  that  the  blue  colour  of  the  com¬ 
mercial  article  is  due  to  its  temperature  of  formation  being  such  as  to  produce 
the  sulphur  in  the  requisite  state  of  fineness.  Silver  ultramarine,  however, 
turns  blue  w'hen  heated  with  sodium  chloride  at  a  comparatively  low  tempera¬ 
ture.  Again,  in  the  cases  of  the  blue  solutions  already  mentioned,  where  the 
existence  of  colloidal  sulphur  is  considered  probable,  the  blue  coloration  only 
makes  its  appearance  in  the  fluid  state ;  molten,  blue  potassium  thiocyanate 
becomes  white  on  solidification.  If,  however,  in  the  manufacture  of  ultra- 
marine,  overheating  occurs  and  the  mass  fuses,  the  blue  colour  is  destroyed. 
Ultramarine  still  retains  its  blue  colour  at  -  184°  C.®  A  serious  objection  to 
the  colloid  theory  is  found  in  the  fact  that  among  the  numerous  substituted 
ultramarines,  only  those  containing  the  alkali  metals  are  blue.  W.  and  D. 
Asch  argue  in  great  detail  for  the  view  that  the  ultramarines  are  definite 
chemical  compounds  of  a  highly  complex  nature,  and  that  the  various  colours 
are  produced  by  changes  in  the  arrangement  of  the  various  atoms  within  the 
molecule.  Accordingly  to  L.  Wunder,®  three  conditions  must  be  fulfilled  for 
an  ultramarine  to  possess  a  blue  colour  :  (i.)  an  alkali  metal  must  be  present, 
(ii.)  part  of  the  sulphur  must  be  directly  united  to  the  alkali  metal,  and 


1  See,  e.g.,  Knapp,  J.  prakt.  Chem.,  1888,  [ii.],  38,  48  ;  Roliland,  Zeitscli.  angew.  Ghem., 
1904,  17,  609  ;  J.  Hoffmann,  Chem.  Zeit.,  1910,  34,  821  ;  Abegg,  Handbuch  der  anorgan- 
ischen  Chemie,  vol.  iii.  pt.  1,  p.  126  (1906)  ;  W.  Biltz,  cited  in  Abegg,  opuscit.  \  Doelter, 
Handbuch  der  Mineralchemie  (Dresden  and  Leipzig),  1911,  etc.,  vol.  ii.  pt.  vii.  ;  cf.  Stein, 
J.  prakt.  Chem.,  1876,  14,  387  ;  Gentele,  Dingl.  poly.  J.,  1856,  140,  223  ;  141,  116 ;  1861, 
160,  453;  Blackmore,  J.  Soc.  Chem.  Ind.,  1897,  16,  219;  E.  Guimet,  M6m.  Acad.  Sci. 
Lyons,  1878,  23,  29. 

Nollner,  Annalen,  1858,  108,  8  ;  Giles,  Ghem.  News,  1901,  83,  61 ;  Milbauer,  Zeitsch. 
anorg.  Chem.,  1904,  42,  433;  1906,  49,  46. 

®  Knapp,  loc.  cit. 

Paterno  and  Mazzucclielli,  Atti  R.  Accad.  Lincei,  1907,  [v.  ],  16,  i.  465. 

®  Paterno  and  Mazzucchelli,  loc.  cit.  For  further  work  on  blue  sulphur,  see  Wohler, 
Annalen,  1853,  86,  373  ;  N.  A.  Orloff,  J.  Buss.  Rhys.  Chem.  Soc.,  1901,  33,  397,  400; 
1902,  34,  52. 

®  B.  Campbell  (private  communication). 

W.  and  D.  Asch,  opus  cit. 

®  L.  Wunder,  Zeitsch.  anorg.  Ghem.,  1913,  79)  343 ;  Chem.  Zeit.,  1913,  37,  1017. 
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(iii.)  another  part  of  the  sulphur  must  be  present  in  a  lower  state  of  oxidation 
{i.e.  its  valency  must  be  less  than  six).  Neither  aluminium  nor  silicic  acid 
is  essential,  as  the  former  may  be  replaced  by  boron,  ^  and  the  latter  by  a 
polyboric  acid.® 


'  On  loron  ultramarine,  Hoffmann,  Zeitsch.  angew.  Chem.,  1906,  19,  1089  ;  1907, 
20,  568  ;  Ghem.  Ind.,  1911,  34,  699. 

*  Selenium  and  tellurium  may  replace  the  sulphur  in  ultramarine  ;  the  substances  thus 
obtained,  however,  are  not  blue;  Leykauf,  Jahresher.  Tech,,  1876,  p.  555  ;  E.  Guimet, 
Ann.  Chim.  Phys.,  1878,  [v.],  13,  102;  Plicque,  Bull.  Soe.  chim.,  1877,  titl>  28,  518  ; 
1878,  [ii.],  29,  522;  30,  51  ;  Morel,  ibid.,  1877,  [ii.],  28,  522. 


CHAPTER  VI. 


GALLIUM.i 

Symbol,  Ga.  Atomic  weight,  69'9  (0  =  16). 

Occurrence. — Gallium  is  one  of  the  rarest  of  the  elements,  occurring  widely 
distributed  in  nature,  but  only  in  very  minute  quantities.^  It  is  a  fre¬ 
quent  constituent  of  zinc  blendes ;  the  richest  ore,  the  black  blende  from 
Bensberg,  contains  16  milligrams  of  gallium  per  kilogram.  Other  blendes 
relatively  rich  in  gallium  are  found  at  Pierrefitte  in  the  Pyrenees,®  Alston 
Moor  in  Cumberland,  and  Rio  Puerto  in  Spain.  ^ 

Examination  of  the  oxy-hydrogen  flame  spectra  of  numerous  minerals  has 
shown  that  gallium  is  present  in  a  large  number  of  iron  ores,  particularly  in 
magnetite,  clay-ironstone,  and  black-band  ore,  but  not  in  siderite.  When 
such  ores  are  smelted,  gallium  passes  into  the  resulting  metal,  and  Middles¬ 
brough  pig-iron,  which  contains  0’003  per  cent,  of  gallium,  is  one  of  the 
richest  sources  of  the  element  known.®  Gallium  is  constantly  associated  with 
aluminium  and  chromium  in  aluminous  iron  ores,  such  as  bauxite  and  kaolin, 
and  accordingly  occurs  in  commercial  aluminium ;  ®  in  one  sample  of  the 
commercial  metal,  0’017  per  cent,  of  gallium  was  found.’’ 

Gallium  has  been  observed  in  pyrites  and  manganese  ores,  and  in  meteoric 
iron.®  It  also  occurs  in  certain  French  mineral  waters.®  Gallium  exists  in 
the  sun’s  atmosphere.’® 

History. — On  27th  August  1875,  Lecoq  de  Boisbaudran  observed  a  new 
violet  line,  A4170,  in  the  spark  spectrum  of  some  material  he  had  separated 
from  the  zinc  blende  of  Pierrefitte ;  further  work  led  to  the  discovery  of 
another  new  line,  A4031,  and  established  the  fact  that  both  lines  belonged  to 

’  Soe  ‘  ‘  Gallium,  ”  by  Lecoq  de  Boisbaudran  in  Wurtz,  Dictionnaire  de  chimie,  Suppli- 
went,  pt.  2,  p.  851.  Gallium  is  identical  with  the  element  austrium  discovered  by  Linne- 
mann.  See  Linnemann,  Monatsh.,  1886,  y,  773;  Pribram,  ibid.,  1900,  2i,  148  ;  Lecoq  de 
Boisbaudran,  Compt.  rend.,  1886,  102,  1436. 

2  Vernadski,  Bull.  Acad.  Sci.  Petrograd,  1910,  p.  1129. 

^  Lecoq  de  Boisbaudran,  Ann.  Chim.  Phys.,  1877,  [v.],  lO,  136. 

^  Hartley  and  Eamage,  Proc.  Roy.  Soc.,  1897,  6o,  35,  393  ;  Trans.  Ghem.  Soc.,  1897,  yi, 
533.  See  also  Urbain,  Compt.  rend. ,  1909,  149,  602  ;  Angel  del  Campo  y  Cerdan,  Anal.  Pis. 
Qiiim.,  1914,  12,  80. 

5  Hartley  and  Kamage,  loc.  cit. 

®  Hartley  and  Ramage,  Trans.  CJiem.  Soc.,  1897,  yi,  547. 

Boulanger  and  Bardet,  Compt.  rend.,  1913,  I57;  718- 

®  Hartley  and  Ramage,  Sci.  Proc.  Roy.  DiM.  Soc.,  1898,  8,  703.  See  also  the  following 
pajiers  dealing  with  the  occurrence  of  gallium:  Kirkland,  Austr.  Assoc.  Adv.  Sci.,  1893, 
p.  266  ;  Delachanel  and  Mermet,  Bull.  Soc.  chim.,  1876,  [ii.],  25,  197 ;  Cornwall,  Amer. 
Chem.  J.,  1880,  2,  44  ;  Blenden  and  Bartlett,  J.  Soc.  Ghem.  Ind.,  1889,  8,  896. 

®  Bardet,  Compt.  rend.,  1913,  i57j  224. 

Hartley  and  Ramage,  Sci.  Proc.  Roy.  Buhl.  Soc.,  1898,  y,  1. 

143 


144 


ALUMINIUM  AND  ITS  CONGENEES. 


the  spectrum  of  a  new  metallic  element,  to  which  the  discoverer  patriotically 
gave  the  name  of  gallium  in  honour  of  his  native  country.^  The  first  re¬ 
searches  on  gallium”  were  conducted  with  only  a  few  milligrams  of  material ; 
hut  in  1878  Lecoq  de  Boishaudran  and  Jungfleisch,  starting  with  2400  kilo¬ 
grams  of  Bensberg  blende,  obtained  62  grams  of  nearly  pure  gallium.^ 

The  discovery  of  gallium  marked  the  inauguration  of  the  periodic 
classification.  In  putting  forward  that  scheme  for  the  classification  of  the 
elements,  Mendel4eff  was  obliged  to  assume  the  existence  of  several  elements 
not  known  at  that  period  (1871).  One  of  these  hypothetical  elements,  of 
atomic  weight  about  68,  he  called  eka-aluminium,  and  described  the 
properties  it  should  possess ;  and  it  was  noticed  very  shortly  after  the 
discovery  of  gallium  that  gallium  closely  resembled  the  hypothetical  eka- 
aluminium  in  its  behaviour.^  The  following  tabular  statement  will  serve  to 
illustrate  how  closely  Mendeleeff  succeeded  in  foretelling  the  properties  of 
gallium ; —  ® 


Eka-aluminium. 

Gallium. 

Atomic  weight,  c.  68. 

Metal  of  density  5 '9  and  low  melting- 
point  ;  not  volatile ;  unaffected  by  air  ; 
should  decompose  steam  at  a  red  heat  and 
dissolve  slowly  in  acids  and  alkalies. 

Oxide  should  have  formula  EI2O3, 
density  5  '5,  and  dissolve  in  acids  to  form 
salts  of  the  type  EIX3.  The  hydroxide 
should  dissolve  in  acids  and  alkalies. 

There  should  be  a  tendency  towards  the 
formation  of  basic  salts.  The  sulphate 
should  form  alums.  The  sulphide  should 
be  precipitated  by  HaS  or  (NH4)2S.  The 
anhydrous  chloride  should  be  more  volatile 
than  zinc  chloride. 

The  element  will  probably  be  discovered 
by  spectrum  analysis. 

Atomic  weight,  69 ‘9. 

Metal  of  density  5 '94  ;  melting  at  30T5°  ; 
not  volatile  ;  unchanged  in  air  ;  action  on 
steam  not  known  ;  dissolves  slowly  in  acids 
and  alkalies. 

Oxide,  GaaOg  ;  density  not  known  ;  dis¬ 
solves  in  acids,  forming  salts  GaXj.  The 
hydroxide  dissolves  in  acids  and  alkalies. 

Salts  readily  hydrolyse  and  form  basic 
salts.  Alums  are  known.  The  sulphide 
can  be  precipitated  by  IlgS  or  (NH4)2S, 
but  only  under  special  circumstances.  The 
anhydrous  chloride  is  more  volatile  than 
zinc  chloride. 

Was  discovered  spectroscopically. 

Preparation. — Zinc  blende  containing  gallium  is  dissolved  in  aqua  regia, 
using  a  slight  excess  of  blende,  in  order  to  leave  no  free  nitric  acid  in  solution, 
and  the  copper,  lead,  cadmium,  mercury,  silver,  etc.,  pi'esent  are  for  the  most 
part  precipitated  by  the  introduction  of  strips  of  metallic  zinc.  The  liquid 
is  filtered  while  hydrogen  is  still  being  evolved,  and  the  filtrate  boiled  for 
some  hours  with  a  large  excess  of  zinc.  The  abundant  white  precipitate 
which  forms,  containing  alumina,  basic  salts  of  zinc,  gallium,  iron,  and 
chromium,  and  a  little  silica,  is  dissolved  in  hydrochloric  acid,  and  the 
preceding  processes  are  repeated  on  the  solution.®  The  hydrochloric  acid 
solution  of  the  final  precipitate  is  saturated  with  hydrogen  sulphide  and 

^  Lecoq  de  Boisbaudraii,  Gompt.  rend.,  1875,  8i,  493. 

^  Lecoq  de  Boisbaudran,  Gompt.  rend.,  1876,  8i,  1100;  1876,  82,  168,  1036  ;  1876,  83, 
611,  824,  1044  ;  Ann.  Ghim.  Phys.,  1877,  [v.],  10,  100. 

®  Lecoq  de  Boisbaudran  and  Juiigfleiscli,  Gompt.  rend.,  1878,  86,  475. 

■*  Mendel4eff,  Gompt.  rend.,  1876,  81,  969. 

®  Mendeleeff,  loc.,  cit.,  and  J.  Buss.  GJiem.  Soc.,  1869,  I,  60;  1871,  3,  47;  Annalen 
Suppl.,  1872,  8,  133. 

®  By  proceeding  thus  far  with  10  grams  of  blende,  concentrating  the  chloride  solution 
and  examining  its  spark  spectrum,  a  qualitative  test  for  gallium  may  be  made. 
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filtered.  From  the  filtrate,  the  zinc  is  precipitated  as  sulphide  after  the 
addition  of  ammonium  acetate  and  acetic  acid.  This  precipitate  contains 
all  the  gallium  (see  p.  149) ;  the  precipitation  is  effected  in  fractions,  the 
filtrate  after  each  operation  being  spectroscopically  examined  for  gallium. 
The  washed  sulphides  are  converted  into  chlorides,  and  the  cold  liquid  frac¬ 
tionally  precipitated  with  sodium  carbonate,  gallium  quickly  concentrating 
in  the  first  fractions  of  the  precipitate.  The  precipitates  containing  gallium 
are  dissolved  in  sulphuric  acid,  and  the  solution  gently  heated  until  nearly 
all  the  excess  of  acid  has  been  expelled.  The  residue  is  dissolved  in  cold 
water,,  the  solution  largely  diluted,  and  boiled  for  some  hours.  Basic  gallium 
sulphate  separates  out  and  is  filtered  and  washed  with  hot  water.  The 
precipitate  is  dissolved  in  sulphuric  acid,  and  any  iron  present  is  precipitated 
by  a  large  excess  of  potassium  hydi'oxide.  From  the  filtered  solution  the 
gallium  is  precipitated  by  a  prolonged  current  of  carbon  dioxide.  The  pre¬ 
cipitate  is  dissolved  in  the  minimum  amount  of  sulphuric  acid,  the  solution 
treated  successively  with  ammonium  acetate  and  hydrogen  sulphide,  and 
filtered.  The  gallium  is  again  precipitated  as  a  basic  sulphate  by  boiling 
the  largely  diluted  filtrate,  the  washed  precipitate  dissolved  in  sulphuric  acid, 
and  an  excess  of  potassium  hydroxide  added.  The  filtered  solution  is  then 
electrolysed  to  deposit  the  gallium,  using  a  large  platinum  cathode.  Gallium 
may  also  be  deposited  electrolytically  from  an  ammoniacal  solution  of  the 
sulphate.  The  metal,  which  easily  separates  from  the  electrode  by  bending 
it  under  water,  is  allowed  to  stand  for  several  hours  in  very  dilute  hydrochloric 
acid,  then  in  dilute  potassium  hydroxide  at  50°  to  60°,  and  is  finally  washed 
with  water.  1 

Properties. — Gallium,  the  eka-aluminium  of  Mendel^eff,  is  a  hard, 
brittle,  grey  metal  having  a  greenish-blue  reflex.  It  melts  at  the  remarkably 
low  teiAperature  of  30T5°  C.  to  a  silver-white  liquid  which  is  only  slightly 
volatile  even  at  a  red  heat.^  In  the  absence  of  the  solid  phase,  liquid  gallium 
possesses  to  an  extraordinary  degree  the  property  of  remaining  in  a  super- 
fused  state.  The  metal  crystallises  with  great  readiness  in  the  tetragonal 
(or  possibly  the  monoclinic)  system,  the  crystals  possessing  an  octahedral 
•habit  and  usually  possessing  slightly  convex  faces.  The  density  of  the 
solid  is  5’96  at  24* *5° ;  that  of  the  liquid  is  6‘07  at  24'7°.^  Gallium,  therefore, 
like  water,  expands  on  freezing.  The  mean  specific  heat  ®  of  the  solid  metal 
is  0'079  between  12°  and  23°;  that  of  the  liquid  is  0'0802  between  106°  and 
119°.  The  latent  heat  of  fusion  is  19 '03  calories  per  gram  of  metal.®  The 
specific  resistance  exceeds  that  of  the  alkali  metals.^  Liquid  gallium  is  electro¬ 
negative  to  the  solid  element.®  The  atomic  refraction  of  gallium  in  its  com¬ 
pounds  is  14'8  (for  the  Ha  line;  Gladstone  and  Dale’s  formula).®  Gallium  is 
diamagnetic.'*' 


^  For  further  details  and  alternative  methods,-  see  Lecoq  de  Boisbaudran,  Ann.  Chini. 
Phys.,  1877,  [v.],  lo,  129  ;  Compt.  rend.,  1876,  82,  1098  ;  83,  636  ;  1881,  93,  815  ;  Wurtz, 
Dictionnaire  de  chimie,  SuppUment,  pt.  2,  p.  851  ;  Lecoq  de  Boisbaudran  and  Jungfleisch, 
loc.  cit. 

®  Lecoq  de  Boisbaudran,  Gompt.  rend.,  1876,  83,  611,  1044  ;  Ann.  Chim.  Phys.,  1877, 
[v.],  10,  100. 

®  Berthelot,  Compt.  rend.,  1878,  86,  786. 

*  Guntz  and  Broniewski,  Compt,  rend.,  1908,  147,  1474  ;  J.  Chim.  phys.,  1909,  7,  464. 
®  Regnauld,  Compt.  rend.,  1878,  86,  1457. 

®  Gladstone,  Proc.  Eoy.  Aoc.,  1897,  60,  140. 

’’  Owen,  Proc.  K.  Akad.  Wetensch.  Amsterdam,  1911,  14,  637  ;  Ann.  Physik,  1912, 
37,  657. 
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The  spark  spectrum  of  gallium  is  characterised  by  two  violet  lines,  All  72 '2 
and  A4033-2,  the  former  being  the  more  intense.^ 

Gallium  is  only  superficially  oxidised  when  heated,  even  to  redness,  in  air 
or  oxygen.  It  does  not  decompose  water  at  100°,  and  under  air-free  water  it 
remains  bright  and  unaffected  for  a  long  time.  It  dissolves  slowly  in  mineral 
acids.  Solid  gallium  dissolves  much  faster  in  hydrochloric  acid  than  does 
the  liquid  metal.  Warm  nitric  acid  dissolves  it  slowly,  and  the  best  acid 
solvent  is  aqua  regia.  Gallium  dissolves  in  potassium  hydroxide,  with  the 
liberation  of  hydrogen.  It  unites  directly  with  chlorine,  bromine,  and  iodine, 
in  decreasing  order  of  activity.^ 

Gallium  forms  two  classes  of  compounds,  of  the  types  GaX2  and  GaXg 
(X  denoting  a  univalent  acid  radicle).  The  latter  closely  resemble  the  com¬ 
pounds  of  aluminium.  Concerning  the  former,  which  instantly  reduce 
potassium  permanganate  in  dilute  acid  solution,  very  little  is  known. 

Atomic  and  Molecular  Weights. — The  vapour  densities,  referred  to 
air  as  unity,  of  the  two  chlorides  of  gallium  have  been  determined  to  be 
4'82  (at  1000°  to  1100°)  and  6d3  (from  440°  to  606°),  corresponding  to  the 
molecular  weights  140  and  178  respectively  (02  =  32).^  Since  the  chlorides 
contain  51 '0  per  cent,  and  40’0  per  cent,  of  gallium  respectively,^  the  weights 
of  metal  in  the  preceding  molecular  weights  are  71 ‘4  and  71 '2.  Hence 
Avogadro’s  hypothesis  leads  to  the  approximate  value  71  for  the  atomic 
weight  of  gallium,  and  to  the  molecular  formulse  GaClg  and  GaClg  for  the 
chlorides. 

The  specific  heat  of  gallium  (p.  145)  supports  this  view,  since  it  indi¬ 
cates  an  atomic  weight  of  about  80 ;  and  it  is  confirmed  by  the  fact  that 
gallium  sulphate  forms  a  series  of  double  sulphates,  isomorphous  wdth 
ordinary  alum,  Al2(S0^)3.K2S04.24H20,  which  double  salts,  on  the  assumption 
that  the  approximate  atomic  weight  of  gallium  is  70,  must  be  formulated 
Ga2(S04)3.E,2S04.24H20,  where  E  =  K,  Rb,  Cs,  NH^,  or  Tl. 

The  preceding  approximate  value  for  the  atomic  weight  of  gallium  indicates 
that  it  is  three  times  the  combining  weight  of  the  metal  in  its  oxide  and 
highest  halogen  compounds.  The  value  at  present  accepted  for  the  atomic 
weight,  Ga  =  69'9,  results  upon  a  single  analysis  of  gallium  ammonium  alum 
and  a  single  synthesis  of  gallium  sesqui-oxide.® 

The  atomic  weight  of  gallium  was  calculated  by  Lecoq  de  Boisbaudran, 
before  sufficient  material  was  available  for  an  experimental  determination, 
from  considerations  based  upon  a  comparison  of  the  wave-lengths  of  the 
spectrum  lines  of  gallium  and  of  other  allied  elements  of  known  atomic 
weights.  His  method  of  calculation  leads  to  the  value  Ga  =  69-86.® 

The  molecule  of  gallium  is  monatomic  in  dilute  solution  in  mercury." 

^  Lecoq  de  Boisbaudran,  Compt.  rend.,  1876,  82,  168  ;  1887,  104,  1584  ;  1892,  114,  815  ; 
Liveing  and  Dewar,  Proc,  Roy.  Soc.,  1879,  28,  471  ;  Kayser,  Handhxoch  der  SpcHroskopie 
(Leipzig,  1900-12),  vol.  v.  p.  460  ;  Hartley  and  Moss,  Proc.  Roy.  Soc.,  1912,  A,  87,  38. 
On  series  in  the  spectrum  of  gallium,  sec  p.  3.  On  the  high-frequency  spectrum,  see 
de  Broglie,  Gonipt.  rend.,  1914,  159,  304. 

2  Lecoq  de  Boisbaudran,  Compt.  rend.,  1876,  83,  663,  824. 

®  Nilson  and  Pettersson,  Trans.  Ghem.  Soc.,  1888,  53,  814. 

Lecoq  de  Boisbaudran,  Gompt.  rend.,  1881,  93,  294,  329. 

®  Lecoq  de  Boisbaudran,  Gompt.  rend.,  1878,  86,  941  ;  see  F.  W.  Clarke,  A  Recalcula¬ 
tion  of  the  Atomic  IFeiy/tis  (“  Smithsonian  Miscellaneous  Collections,”  vol.  54,  No.3),  3rd  ed., 
1910,  p.  269. 

®  See  the  article  “  Gallium  ”  in  Wurtz,  Dictionnaire  de  cMmie,  Supplement,  pt.  2,  p.  859  ; 
Miss  Freund,  The  Study  of  Ghemical  Gomposition  (Cambridge  University  Press,  1904),  p.  491. 

’’  Ramsay,  Trans.  Ghem.  Soc.,  1889,  55,  521. 
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COMPOUNDS  OF  GALLIUM. 

Alloys. — Gallium  easily  alloys  with  aluminium,  the  mixtures  rich  in 
gallium  being  liquid  at  ordinary  temperatures.  The  alloys  readily  decompose 
water,  liberating  hydrogen  and  leaving  a  solid  residue  of  metallic  gallium 
and  aluminium  hydroxide.^  Gallium  also  alloys  readily  with  indium.'^ 

Gallium  dichloride,  GaClg,  prepared  by  heating  the  trichloride  with 
excess  of  gallium  and  distilling  the  product  in  carbon  dioxide,  forms  white, 
transparent  crystals,  melting  at  164°  and  boiling  at  535°.^  The  liquid 
exhibits  the  phenomenon  of  superfusion  to  a  remarkable  degree,  as,  indeed, 
do  all  the  halogen  compounds  of  gallium.  The  vapour  density  at  1000°  to 
1100°  is  4‘82  (air  =  l),  the  formula  GaClg  corresponding  to  4'86.  At  higher 
temperatures  dissociation  takes  place,  probably  into  GaCl  and  chlorine.^ 

In  moist  air,  the  dichloride  deliquesces  to  a  clear  liquid.  The  addition 
of  an  excess  of  water  leads  to  precipitation  of  an  oxychloride,  hydrogen  (and 
perhaps  gallium  hydride)  being  evolved.® 

Gallium  trichloride,  GaClg,  obtained  by  heating  gallium  in  chlorine  or 
hydrogen  chloride,  forms  long,  white  needles,  melting  at  75 '5°  and  boiling  at 
215°  to  220°.®  The  vapour  has  a  density  of  6T3  (air  =  l)  between  440°  and 
606°,  the  simple  formula  GaClg  corresponding  to  6’08.  At  1000°  the  vapour 
density  indicates  that  dissociation  has  occurred,  while  at  low  temperatures 
the  results  obtained  by  the  method  of  Dumas  point  to  the  existence,  “over 
the  range  237°  to  378°,  of  gaseous  GagClg,  the  molecules  of  which  gradually 
undergo  dissociation  into  GaClg  with  further  rise  of  temperature.®-  ’’ 

Molten  gallium  trichloride  has  a  density  of  2 ‘36  at  80°,®  readily  absorbs 
gases,  but  evolves  them  on  solidification.  The  crystalline  chloride  is  very 
deliquescent  and  dissolves  in  water  with  the  evolution  of  considerable  heat, 
producing  a  colourless  solution  from  which  oxychlorides  are  slowly  precipi¬ 
tated.®  The  aqueous  solution  loses  hydrochloric  acid  when  evaporated, 
leaving  an  amorphous  residue  which  absorbs  water  and  becomes  gelatinous. 
An  acid  solution  of  the  trichloride  is  obtained  by  dissolving  gallium  in 
aqua  regia. 

The  bromides  of  gallium  closely  resemble  the  chlorides.  They  are, 
however,  less  fusible  and  less  volatile,  and  do  not  seem  to  have  been  analysed. 

The  iodides  of  gallium,  like  the  bromides,  require  further  study.  Two 
appear  to  exist,  a  colourless  tri-iodide  and  a  yellow  di-iodide. 

Gallium  sesqui-oxide,  GagOg,  which  may  be  prepared  by  igniting  the 
hydroxide  or  nitrate,  is  a  white  mass,  infusible  at  a  red  heat.  Its  specific  heat 
(0°  to  100°)  is  0T062.il  The  strongly  ignited  oxide  resembles  ignited  alumina 
in  its  resistance  to  acids  and  alkalies,  and  requires  to  be  fused  with  potassium 


1  Lecoqde  Boisbaudran,  Compt.  rend.,  1878,  86,  1204. 

2  Lecoq  de  Boisbaudran,  ibid.,  1885,  loO,  701. 

®  Lecoq  de  Boisbaudran,  ibid.,  1881,  93,  294. 

1  Nilson  and  Pettersson,  Trans.  Chem.  Soc.,  1888,  53)  814. 

®  Lecoq  de  Boisbaudran,  Govipt.  rend,,  1881,  93)  294  ;  1882,  95,  18. 

®  Lecoq  de  Boisbaudran,  ibid.,  1881,  93,  329. 

’’  Nilsonand  Pettersson,  Trans.  Chem.  Soc.,  1888,  53,  814;  Friedel  and  Crafts,  Compt. 
rend.,  1888,  107,  306. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1881,  93,  294. 

”  Lecoq  de  Boisbaudran,  ibid.,  1882,  94,  695. 

1"  Lecoq  de  Boisbaudran,  ibid.,  1878,  86,  756  ;  with  Jungfleiscb,  ibid.,  1878,  86,  577. 
Nilson  and  Pettersson,  Compt.  rend.,  1880,  91,  232  ;  Ber.,  1880,  13,  1459. 
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hydrogen  sulphate  in  order  to  he  brought  into  solution.  At  a  red  heat, 
hydrogen  reduces  the  sesqui-oxide  to  a  greyish-blue  mass,  probably  a  suboxide 
(GaOl),  which  dissolves  in  dilute  mineral  acids  to  form  solutions  which 
instantly  reduce  potassium  permanganate.^  At  a  bright  red  heat,  reduction 
to  the  metal  can  be  effected.  Gallium  sesqui-oxide  is  also  reduced  to 
gallium  when  heated  with  magnesium.^ 

The  oxides  of  samarium,  Z^.  (dysprosium),  Z^  (terbium),  and  chromium 
act  as  phosphorogens  when  diluted  with  gallium  sesqui-oxide  and  submitted 
to  the  action  of  cathode  rays.  The  phosphorescence  is  a  beautiful  red  when 
the  quantity  of  chromium  sesqui-oxide  equals  OT  per  cent.® 

Gallium  hydroxide,  Ga(0H)3  (1),  does  not  seem  to  have  been  analysed. 
It  is  obtained  as  a  white  precipitate,  readily  soluble  in  potassium  hydroxide, 
by  adding  ammonia  to  a  solution  of  a  gallium  salt.  Tartaric  acid  hinders  the 
precipitation. 

Gallium  sulphide,  Ga2S3(?),  undoubtedly  exists,  but  it  has  not  been 
obtained  pure,  since  its  precipitation  can  only  be  effected  in  the  presence  of 
another  insoluble  sulphide.^ 

Gallium  sulphate,  Ga2(SOj3,  is  a  white,  crystalline  salt.  Its  specific 
heat  (0°  to  100°)  is  0T46.®  It  is  very  soluble  in  water,  soluble  in  60  per  cent, 
alcohol,  but  insoluble  in  ether.® 

Gallium  ammonium  alum,  Ga2(S04)g.(NH4)2S04.24H20,  crystallises 
from  a  solution  of  mixed  gallium  and  ammonium  sulphates  in  combinations 
of  the  cube  and  regular  octahedron.  The  aqueous  solution  precipitates  basic 
salts  when  heated."^ 

The  corresponding  potassium-,  rubidium-,  caesium-,  and  thallium- 
gallium  alums  have  been  prepared  by  Soret,®  who  gives  the  following 
values  for  the  densities  and  refractive  indices  (/r)  for  the  D-line  at  ordinary 
temperature : — 

NH4.  K.  Rb.  Cs.  Tl. 

density  Vlll  1-895  1-962  2-113  2-477 

/X  1-4684  1-4563  1-4658  1-4650  1-5067 

Gallium  Silicotungstate. — Gallium  silicotungstate  is  very  soluble  in 
water.  Three  hydrates  are  known :  the  first,  which  has  the  fornuila 
2Ga203.3(Si02.12W03).93H20,  crystallises  in  regular  octahedra;  the  second 
has  87H2O  and  crystallises  in  rhombohedra  (a :  c  =  1  : 2-6346) ;  while  the 
third  has  6OH2O  and  crystallises  in  the  monoclinic  (?)  system  (a:b:c  = 
0-9057  : 1  :  1-1585  ;  i3  =  74°  20').  The  first  two  salts  therefore  correspond  to 
those  of  aluminium  (p.  87).® 

Gallium  nitrate,  Ga(N03)3.a;H20,  is  a  w-hite,  deliquescent  salt  which  is 
completely  decomposed  at  200°.^® 


^  Dupre,  Covipt.  rend.,  1878,  86,  720. 

^  Winkler,  Ber.,  1890,  23,  772. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1887,  104,  330,  1584  ;  105,  784,  1228. 

*  See  p.  149,  and  Lecoq  de  Boisbaudran,  Compt.  rend.,  1881,  93;  815. 

®  Nilson  and  Pettersson,  Compt,  rend.,  1880,  91,  232  ;  Ber.,  1880,  13,  1459. 

®  Lecoq  de  Boisbaudran,  Ann.  Chim.  Phys.,  1877,  [v.],  10,  126. 

Lecoq  de  Boisbaudran,  Compt.  rend.,  1875,  81,  1100 ;  1876,  83,  824  ;  Ann.  Chim. 
Phys.,  1877,  [v.],  10,  126. 

®  Soret,  Arch.  Sci.  phys.  nat,,  1885,  [iii.],  14,  96  ;  1888,  [iii,],  20,  520. 

®  Wyrouboff,  Bull.  Soc.  fran<;.  Min. ,  1896, 19,  219.  The  hj^drate  with  6OH2O  is  possibly 
triclinic  ;  see  Wyrouboff,  ibid.,  1905,  28,  237. 

Dupre,  Compt,  rend,,  1878,  86,  720. 
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Detection  and  Estimation  op  Gallium. 

A  solution  of  a  pure  gallium  salt  is  not  precipitated  by  hydrogen  sulphide 
in  acid,  neutral,  or  alkaline  solution,  but,  in  the  presence  of  excess  of 
another  element  capable  of  forming  an  insoluble  sulphide,  gallium  sulphide 
is  carried  down  completely  with  the  other  sulphide  in  either  acetic  acid  or 
ammoniacal  solution.  Arsenious  sulphide  is  usually  best  to  employ,  but  the 
sulphides  of  silver,  of  zinc,  and  particularly  of  manganese  may  be  used.  In 
solutions  containing  much  mineral  acid,  gallium  sulphide  is  not  precipitated, 
a  fact  that  is  utilised  in  effecting  the  separation  of  gallium  from  the  excess 
of  either  arsenic  or  silver. 

Ammonium  hydroxide  or  carbonate,  and  carbonates  of  the  alkali  and 
alkaline-earth  metals,  precipitate  gallium  as  hydroxide  from  solutions  of  its 
salts.  The  precipitate  dissolves  appreciably  in  excess  of  the  soluble  precipi- 
tants,  but  precipitation  by  ammonia  is  practically  complete  if  excess  of 
ammonia  is  removed  by  boiling. 

Gallium  may  be  precipitated  as  ferrocyanide,  but  not  as  ferricyanide,  in 
solutions  containing  33  per  cent,  by  volume  of  concentrated  hydrochloric 
acid,  the  reaction  being  extremely  delicate.  It  is  completely  precipitated  as 
hydroxide  by  boiling  the  sulphate  or  chloride  solution  with  excess  of  precipi¬ 
tated  cupric  hydroxide.  In  the  presence  of  iron  it  is  preferable  to  boil  with 
copper  to  reduce  ferric  to  ferrous  salt,  and  then  to  precipitate  the  gallium  by 
the  addition  of  precipitated  cuprous  oxide.  The  detection  of  gallium  spectro¬ 
scopically  in  minerals  has  already  been  described  (p.  144,  footnote  6). 

Gallium  is  weighed  as  the  sesqui-oxide.^ 


^  Lecoq  de  Boisbaudran,  Ann.  Chim.  Phys.,  1884,  [vi.],  2, 176,  429  ;  Compt.  rend.,  1881, 
93,  815  ;  1882,  94,  1154,  1227,  1439,  1625  ;  95,  157,  410,  503,  703,  1192,  1332  ;  1883,  96, 
152,  1696,  1838  ;  97,  66,  142,  295,  521,  623,  730,  1463  ;  1884,  98,  711,  781  ;  99,  526. 
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INDIUM. 

Symbol,  In.  Atomic  weight,  114'8  (0  =  16). 

Occurrence. — Indium  is  one  of  the  rarest  of  the  elements,  occurring  in  minute 
quantities  fairly  widely  distributed  in  nature.'-  It  exists  in  most  zinc  blendes,* * 
in  some  tungsten  ores,*  and  in  many  specimens  of  pyrites.^  It  is  a  constant 
constituent  of  tin  ores,  and  occurs  in  siderites,^  associated  with  manganese. 
Indium  has  also  been  observed  in  some  Italian  galenas  and  in  other  minerals.® 

History. — In  1863,  Reich  and  Richter®  observed,  in  the  spark  spectrum 
of  a  specimen  of  I^reiberg  zinc  blende,  two  new  indigo-blue  lines.  They 
atti'ibuted  them  to  a  new  metallic  element,  which  they  succeeded  in  isolating. 
Subsequently,  the  new  metal,  which  had  been  appropriately  named  indium, 
was  studied  in  detail  by  Winkler.^ 

Preparation. — Indium  is  best  extracted  from  zinc  that  has  been  prepared 
from  blende  containing  indium.  The  zinc,  which  may  contain  OT  per  cent, 
of  indium,  is  treated  with  a  slight  deficit  of  dilute  sulphuric  or  hydrochloric 
acid,  and  the  solution  allowed  to  stand  in  contact  with  the  excess  of  zinc  for 
several  days.  From  the  spongy  residue,  which  contains  indium,  lead,  copper, 
iron,  cadmium,  arsenic,  and  the  excess  of  zinc,  pure  indium  oxide  is  best 
prepared  by  the  method  due  to  Bayer.®  The  washed  residue  is  dissolved  in 
nitric  acid  and  the  solution  evaporated  with  a  slight  excess  of  sulphuric  acid. 
Iron  and  indium  hydroxides  are  precipitated  by  the  addition  of  ammonia  to 
the  filtered  solution  of  the  sulphates  and  the  washed  precipitate  dissolved 
in  hydrochloric  acid.  The  nearly  neutral  solution  when  boiled  with  excess  of 
sodium  bisulphite  yields  basic  indium  sulphite  as  a  fine,  crystalline  powder. 
The  precipitate  is  dissolved  in  aqueous  sulphurous  acid  and  the  filtered  solu¬ 
tion  heated  to  boiling,  when  pure  basic  indium  sulphite  is  obtained.® 


^  Vernadski,  Bull.  Acad.  Sci.  Petrograd,  1910,  p.  1129  ;  1911,  p.  187. 

^  Reich  and  Richter,  vide  infra-,  Kachler,  J.  prakt.  Chcm.,  1865,  96,  447;  Cornwall, 
Chem.  News,  1873,  28,  28;  Urbain,  Compt.  rend.,  1909,  149,  602;  Angel  del  Campo  y 
Cerdan,  Anal,  Fis.  Quim.,  1914,  12,  80. 

*  Hoppe-Seyler,  Annalen,  1866,  140,  247  ;  Atkinson,  J,  Amer.  Chem.  Soe.,  1898,  20,  811. 

*  Hartley  and  Ramage,  Trans.  Chem.  Soe.,  1897,  71,  533. 

®  De  Negri,  A«r.,  1878,  li,  1249;  Oazzetta,  1878,  8,  120  ;  Tanner,  Chem.  News,  1874, 
30,  141. 

®  Reich  and  Richter,  J,  prakt,  Chem.,  1863,  89,  441;  1863,  90,  172;  1864,  92,  480  ; 
Richter,  Compt.  rend.,  1867,  64,  827. 

’’  Winkler,  J.  prakt.  Chem.,  1865,  94,  1 ;  95,  414  ;  1867,  102,  273  ;  condensed  account  in 
Ann.  Chim.  Phys.,  1868,  [iv.],  13,  490. 

®  Bayer,  Annalen,  1871,  158,  372  ;  J.  Chem.  Soe.,  1871,  9,  664. 

®  Cf.  Winkler,  loc.  eit.  -,  Bottger,  J.  prakt.  Chem.,  1866,  98,  26  ;  R.  Meyer,  Annalen,  1869, 
ISO,  137.  For  the  extraction  of  indium  from  blende,  see  Reich  and  Hichter,  loc.  cit.  ; 
Winkler,  loc.  cit.-,  Weselsky,  iUd.,  1865,  94,  443  ;  Kachler  and  Schrotter,  ibid.,  1865,  95, 
441 ;  Stolba,  Dingl.  poly.  J.,  1870,  198,  223. 
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The  basic  sulphite  is  dissolved  in  sulphuric  acid,  and  indium  hydroxide 
thrown  down  by  the  addition  of  ammonia.  The  precipitate  is  converted  into 
indium  sesqui-oxide  by  ignition. 

Indium  oxide  may  be  reduced  to  the  metal  by  heating  in  hydrogen  or  by 
heating  with  sodium.  In  the  latter  case,  the  brittle  alloy  of  indium  and 
sodium  obtained  is  decomposed  by  water  and  the  residual  indium  fused  with 
sodium  carbonate.^ 

Traces  of  iron  may  be  removed  from  indium  by  converting  it  into  the 
trichloride,  adding  potassium  thiocyanate  to  the  feebly  acid  solution,  and 
extracting  the  ferric  thiocyanate  with  ether.^  Pure  indium  trichloride  is 
also  obtained  by  adding  pyridine  to  its  alcoholic  solution.  A  double  compound 
of  the  chloride  with  pyridine  is  precipitated,  iron  and  aluminium  chlorides 
remaining  in  sohition.^ 

Indium  is  easily  deposited  electrolytically  from  a  solution  of  the  chloride 
or  sulphate,  in  the  presence  of  pyridine,  hydroxylamine,  or  formic  acid,^  and 
fractional  electrolysis  of  the  sulphate  solution  affords  the  best  method  of 
obtaining  pure  indium.®  The  deposited  metal  is  pressed  together,  washed, 
dried  at  120°,  and  fused  in  a  charcoal  boat  in  a  current  of  hydrogen. 

Properties. — Indium  is  a  soft,  ductile,  silver-white  metal,  which  melts 
at  155°®  and  is  volatile  at  a  red  heat.^  It  crystallises,  like  aluminium,  but 
unlike  zinc,  in  the  cubic  system,  being  electrolytically  deposited  from  its 
sulphate  solution  in  regular  octahedra.®  Its  density  is  7 '277  at  20°,®  its 
coefficient  of  expansion,  0'0000459,i®  and  its  specific  heat  (0°  to  100°)  is 
0'0570.i'^  The  atomic  refraction  of  indium  in  its  compounds  is  17 "4  (for  the 
Ha  line  ;  Gladstone  and  Dale’s  formula). Indium  is  diamagnetic.^® 

The  flame,  arc,  and  spark  spectra  of  indium  are  characterised  in  the 
visible  region  by  two  brilliant  indigo-blue  lines,  4511’56  and  4101‘96.^^  The 
most  persistent  lines  in  the  spark  spectrum  of  indium,  and  therefore  the  lines 
that  should  be  looked  for  when  seeking  traces  of  the  element,  are  (Exner  and 
Haschek’s  wave-lengths)  4511-65,* *  4101-95,*  3256-22,*  3039-46,*  2941-39, 
2890-35,  2710-39,  2306-20,  those  asterisked  being  the  most  sensitive.^® 

Indium  is  unaffected  by  dry  air  at  ordinary  temperatures,  but  at  a  red 


1  Winkler,  loc.  cit.-,  Bottger,  J.  prakt.  Cliem.,  1869,  107,  39- 

2  Dennis  and  Geer,  J.  Amev.-Chem.  Soc.,  1904,  26,  437  ;  Ber.,  1904,  37,  961. 

®  Benz,  Ber.,  1904,  37,  2110  ;  Dennis  and  Geer,  loc,  cit, 

*  Dennis  and  Geer,  loc.  cit. 

®  Thiel,  Ber.,  1904,  37,  175  ;  Zeitsch.  anorg.  Chem.,  1904,  39,  119  ;  40,  280  ;  Mathers, 
Ber.,  1907,  40,  1220;  J.  Amer.  Chem.  Soc.,  1907,  29,  485. 

®  Thiel,  loc.  cit. 

’i’  Ditte,  Compt.  rend.,  1871,  ']2,,  858. 

®  Sachs,  Zeitsch.  Kryst.  Min,,  1903,  38,  495. 

®  Richards  and  Wilson,  Carnegie  Institution  Publications,  1909,  No.  118,  p.  13  ;  Zeitsch. 
physikal.  Chem.,  1910,  72,  129. 

i*'  Fizeau,  Compt.  rend.,  1869,  68,  1125. 

Bunsen,  Fogg.  Annalen,  1870,  141,  28  ;  Phil.  Mag.,  1871,  [iv.],  41, 161 ;  Ann.  Chim, 
Phys.,  1871,  [iv.],  23,  50. 

Gladstone,  Proc.  Boy,  Soc.,  1897,  60,  140. 

13  Owen,  Proc.  K.  Akad.  Wetensch.  Amsterdam,  1911,  14,  637;  Ann.  Physik,  1912,  [iv.], 
37.  657. 

11  Kayser,  Handbuch  der  Spelctroskopie  (Leipzig,  1900-1912),  vol.  v.  p  581  ;  Exner 
and  Haschek,  Die  Spektren  der  Elemente  bei  normalem  Druck  (Leipzig  and  Wien,  1911); 
Schulemann,  Zeitsch.  wias.  Photochem.,  1912,  10,  263  (spark).  On  series  in  the  indium 
spectrum  see  p.  3. 

1-1  Hartley,  Phil.  Trans.,  1884,  175,  i.  326  ;  de  Graraont,  Compt.  rend.,  1907,  144, 
1101 ;  1910,  151,  308  ;  1914,  159,  6  ;  Hartley  and  Moss,  Proc.  Boy.  Soc.,  1912,  A,  87,  38. 
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heat  it  burns  with  a  blue  flame,  producing  the  sesqui-oxide  with  the  liberation 
of  1044'6  cals,  of  heat  per  gram  of  metal.^  It  unites  directly  with  sulphur 
and  the  halogens.  It  is  unaffected  by  boiling  water  or  potassium  hydroxide, 
but  dissolves  in  mineral  acids.  The  action  of  nitric  acid  is  slow,  and 
ammonia  is  found  among  the  reduction  products  of  the  acid.^  The  potential 
differences  between  indium  and  molar,  tenth-molar,  and  hundredth-molar 
solutions  of  indium  trichloride  are  0‘094,  0T08,  and  0T19  volts  respectively 
at  25°,  the  metal  being  negative  to  the  solution.  The  electrolytic  solution- 
pressure  of  indium,  10^  to  10®  atmospheres,  places  it  between  iron  and  lead 
in  the  electromotive  series.® 

Atomic  and  Molecular  Weights. — The  early  workers  on  indium 
regarded  that  element  as  a  diad,  and  analogous  to  zinc.  This  view  was 
based  upon  the  facts  that  indium  occurs  naturally  in  association  with  zinc, 
the  two  metals  are  very  similar  in  their  analytical  reactions,  and  no  sodium- 
or  potassium-indium  sulphates  could  be  prepared  which  crystallised  in 
octahedra  and  could  be  formulated  as  alums  on  the  assumption  that  indium 
was  tervalent.  The  bivalency  of  indium  was,  however,  not  acceptable  to 
Mendel4eff,  who  could  only  place  indium  in  his  periodic  table  on  the 
assumption  that  it  was  a  triad,  of  atomic  weight  c.  114.  In  support  of  the 
tervalency  of  indium,  both  Mendel4eff  and  Lothar  Meyer  advanced  various 
chemical  reasons ;  ^  and  Mendelceff  and  Bunsen  each  showed,  by  determina¬ 
tions  of  the  specific  heat  of  the  metal,  that  the  tervalency  of  indium  was  a 
necessary  assumption  from  the  point  of  view  of  Dulong  and  Petit’s  Law.® 
Subsequent  work  has  fully  substantiated  this  assumption.  In  1873  Roessler  ® 
succeeded  in  preparing  indium  ammonium  alum,  and  in  1885  Soret’^  prepared 
the  rubidium  and  csesium  alums.  Most  convincing  of  all,  in  1888  Nilson  and 
Pettersson  ®  prepared  and  determined  the  vapour  densities  of  three  chlorides 
of  indium,  and  showed  that  the  results  were  in  agreement  with  the  molecular 
formulae  InCl,  InClg,  and  InClg,  with  In  =  114  approximately.  This  value 
has  been  confirmed  by  another  method,  which  may  be  outlined  here.  The 
specific  opacity  ®  of  an  element  for  X-rays  of  a  definite  quality  is  independent 


'  Ditte,  Gompt.  rend.,  1871,  72,  858  ;  73,  108. 

®  Armstrong  and  Acworth,  Trans.  Ghem.  Soc.,  1877,  ii.  84, 

®  Thiel,  loc.  cit.  ;  measured  against  decinormal  calomel  electrode  (0'620  volts).  Gf. 
Erhard,  TFied.  Annalen,  1881,  14,  604. 

•*  L.  Meyer,  Annalen  Suppl.,  1870,  7,  354;  Mendelceff,  ibid.,  1872,  8,  133,  or  Ghem. 
Neios,  1879,  40,  231,  etc.;  1880,  41,  2,  etc. 

®  Mendeleeff,  Bull.  Acad.  Sci.  Petrograd,  1870,  p,  445  ;  Bunsen,  Phil.  Mag.,  1871,  [iv.], 
41,  161. 

®  Roessler,  J.  prakt.  Ghem.,  1873,  [ii.],  7,  14. 

’’  Soret,  Arch.  Sci.  phys.  nat.,  1885,  [iii.],  14,  96. 

®  Nilson  and  Pettersson,  Trans.  Ghem.  Soc.,  1888,  53,  814. 

®  Given  unit  mass  of  a  substance  (1  decigram)  in  the  form  of  a  right  cylinder,  area 
of  base  1  sq.  cm.,  and  given  that  X-rays  fall  normally  on  the  base  and  pass  through  the 
cylinder ;  the  fraction  of  the  rays  absorbed  by  the  cylinder  measures  the  specific  opacity  of 
its  material. 

The  equivalent  transparercy  of  a  substance  is  the  mass  (in  decigrams)  of  a  right  cylinder 
1  sq.  cm.  in  base  which,  when  X-rays  are  passed  through  it  parallel  to  its  axis,  produces 
the  same  absorption  as  a  cylinder  of  paraffin  wax  75  mm.  high  and  1  sq.  cm.  in  cross-section. 

If  masses  m^,  m^,  m^, . of  elements  of  equivalent  transparencies  ej.  eg,  *3, . 

are  present  in  a  total  mass  M  of  substance  of  equivalent  transparency  E,  then,  since  specific 
opacity  is  a  strictly  additive  property, 
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of  its  state  of  aggreg^-tion  and  of  the  temperature;  it  is  also  independent  of 
whether  the  element  is  free  or  in  combination,  so  that  the  specific  opacity  of 
a  compound  may  be  calculated  from  the  opacities  of  its  constituent  elements. 
It  has  been  found  by  Benoist  that  for  X-rays  of  one  definite  quality,  the 
specific  opacity  of  an  element  increases  in  a  regular  manner  with  the  atomic 
weight.  This  is  perhaps  best  indicated  by  plotting  the  eqidvalent  trans¬ 
parencies^  of  the  elements  (which  are  proportional  to  the  reciprocals  of  the 
opacities)  against  the  atomic  weights.  The  points  lie  in  a  smooth  curve, 
such  as  fig.  16,  curve  I. ,2  and  the  curve  is  somewhat  similar  to  a  hyperbola 
(fig.  16,  curve  III.),  which  is  the  graphical  representation  of  the  connection 
between  specific  heat  and  atomic  weight  (Dulong  and  Petit’s  Law).  There 
is,  however,  a  separate  curve  of  transparencies  for  each  quality  of  X-rays 
used.  Thus  in  fig.  16,  curve  I.  refers  to  rays  of  medium  hardness,  and  curve 
II.  to  soft  rays.  Therefore,  in  seeking  the  atomic  weight  of  an  element  by 
the  X-rays  method,  each  possible  multiple  of  the  combining  weight  is 
assumed,  the  elements  which  would  immediately  precede  and  follow  it  on 
the  curve  noted  in  each  case,  and  the  transparencies  of  each  of  these  elements, 
and  of  the  element  under  investigation,  determined  ^  for  a  particular  quality 
of  X-rays,  or  better,  for  two  decidedly  different  qualities.  The  results  have 
the  great  advantages  over  those  based  upon  specific  heats  that  they  are  not 
influenced  by  temperature  or  physical  state  and  are  applicable  to  gaseous 
elements. 

The  preceding  method  has  been  applied  to  the  case  of  indium,  both  the  free 
element  and  its  acetylacetonate  being  used.  It  was  found  that  both  for  the 
medium  rays  (fig.  16,  curve  I.)  and  the  soft  rays  (curve  II.)  the  equivalent 
transparency  of  indium  is  very  nearly  ITO.  The  results  point  clearly  to  the 
value  c.  114  for  the  atomic  weight.^ 

The  atomic  weight  of  indium  is  therefore  three  times  its  combining  weight 
in  its  highest  halogen  compounds  and  its  basic  oxide.  Early  determinations 
of  the  atomic  weight  of  indium,  made  by  Pteich  and  Richter,®  Winkler,®  and 
Bunsen,’^  were  made  almost  entirely  by  a  faulty  method — the  synthesis  of  the 
sesqui-oxide— and  yielded  low  results.  Closely  concordant  results  have  since 
been  obtained  by  Thiel  ®  and  Mathers,®  each  of  whom  analysed  the  trichloride 
and  tribromide  of  indium  : 

InClg  :  3AgCl  ;  :  51-473  :  lOO’OOO  (Thiel)  In  =  114-968 

:  :  61-442  :  100  000  (Mathers)  =114-834 

InCl,  :  3AgBr  :  ;  62-923  ;  100  000  (Thiel)  =114-763 

:  :  62-932  ;  100-000  (Mathers)  =114  803 


1  See  note  9  on  page  152. 

^  Lithium,  carbon,  nitrogen,  and  oxygen  also  fall  on  the  curve,  but  beyond  the  limit  of 
the  drawing. 

®  By  experimenting  with  the  free  elements  or  their  compounds. 

*  See  Benoist,  Compt.  rend.,  1897,  124,  146  ;  1901,  132,  325,  645,  772  ;  J.  de  physique, 
1901,  [iii.],  10,  653. 

®  Reich  and  Richter,  J.  pirakt^Chem . ,  1864,  92,  480. 

6  Winkler,  ibid.,  1865,  94,  1 ;  1867,  102,  280. 

Bunsen,  Pogg.  Annalen,  1870,  141,  28. 

®  Thiel,  Zeitsch.  anorg,  Chem.,  1904,  40,  280. 

®  Mathers,  J,  Amer,  Chem.  Soc.,  1907,  29,  485  ;  Per.,  1907,  40.  1220. 

“  Clarke,  A  Eecalculation  of  the  Atomic  Weights  (“Smithsonian  Miscellaneous  Collec¬ 
tions,”  vol.  64,  No.  3),  3rd  ed.,  1910,  p.  269.  TJie  antecedent  data  have  been  changed  to 
the  following  :  Ag  =  107-880,  01  =  36-457,  Br  =  79-916. 
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The  most  probable  result,  according  to  Clarke,  is  114'86,  and  the  inter¬ 
national  value  (1916)  is  In  =  II4’8. 


Indium  readily  dissolves  in  molten  tin,  and  lowers  the  freezing-point. 
The  “atomic  fall”  is  T86’,  the  theoretical  value  for  a  monatomic  molecule 
being  3‘0°.  Hence  in  dilute  solution  in  tin,  indium  is  mainly  diatomic.^ 


^  Heycockand  Neville,  Trans.  Chem.  Soc.,  1890,  57,  385. 
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From  the  results  obtained  by  Richards  and  Wilson  ^  in  a  study  of  the  electro¬ 
motive  forces  of  indium  amalgam  concentration  cells,  it  follows  that  indium  is 
essentially  monatomic  in  solution  in  mercury  j  or  more  probably  exists  as 
a  compound  of  molecular  formula  InHga;,  most  likely  InHg^.^  Indium  is 
essentially  monatomic  in  dilute  solution  in  sodium,  the  “atomic  fall”  being 
3‘6  and  the  theoretical  value  for  a  monatomic  element 


COMPOUNDS  OF  INDIUM. 


Indium  forms  derivatives  corresponding  to  the  three  types  InX,  InXg,  and 
InXg  (X  denoting  a  univalent  acid  radicle),  but  only  the  compounds  of  the  last 
type  are  capable  of  existing  in 
aqueous  solution,  in  which  they  are 
appreciably  hydrolysed.  The  solu¬ 
tions  contain  the  colourless  ion 
In'  ■ '.  The  ions  In'  and  In"  appear 
to  be  unstable  and  to  undergo 
change  as  represented  by  the 
equations 


3In'  =  In’"  -I-  2In  ; 


3In"  =  2In'"  -f  In. 


Thus  the  lower  halogen  derivatives 
of  indium  are  decomposed  by  water, 
metallic  indium  being  deposited. 

The  trihalides  of  indium  appear 
to  resemble  the  corresponding 
compounds  of  cadmium  in  their 
ability  to  form  complex  anions  in 
solution,  a  resemblance  which  is 
not  surprising  since  indium  and 
cadmium  occupy  adjacent  positions 
in  the  periodic  table.  The  variation 
of  the  equivalent  conductivity  (A) 
with  the  cube  root  of  the  concentra¬ 
tion  (m,  in  gram-equivalents  per 
litre)  is  shown  for  the  four  salts 
InClg,  InBrg,  CdBrg,  and  Cd(NOg)2in  fig.  17.  The  abnormally  low  values  for  X 
in  solutions  of  moderate  concentration  is  shown  in  each  case  except  that  of 
cadmium  nitrate,  and  this  salt  does  not  form  complex  anions  in  solution.  The 
low  values  for  indium  chloride  are  all  the  more  remarkable  since  the  data 
plotted  refer  to  a  temperature  of  25°,  the  other  data  holding  good  for  18°  C.^ 

Alloys. — Indium  readily  alloys  with  gallium,®  gold,®  lead,’’  tin,®  and 


■Cube  root  oF  concentration  in  grm.-e(is.per  litro 

Fig.  17.  — Comparison  of  conductivities  of  indium 
chloride  and  bromide  solutions  with  those  of 
cadmium  bromide  and  nitrate. 


1  Eichards  and  Wilson,  loc.  cit. 

^  J.  Hildebrand,  J.  Amer.  Cliem.  Soc.,  1913,  35,  501. 

®  Heycock  and  Neville,  Trans.  Chem.  ^Soc,,  1889,  55i  ^65 ;  1892,  61,  911  ;  see  also 
p.  171. 

^  For  numerical  data,  see  pp.  156,  157. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1885,  lOO,  701. 

®  Roberts- Austen,  Phil.  Trans.,  1888,  i79i  339  ;  1896,  187,  417. 

Kurnakoff  and  Puschin,  J.  Puss.  Phys.  Chem.  Soc.,  1906,  38,  1146. 

®  Heycock  and  Neville,  Trans.  Chem.  Soc.,  1890,  57»  385. 
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sodium,^  and  easily  forms  an  amalgam  with  mercury.^  When  electrolytically 
deposited  in  a  platinum  dish  it  alloys  with  the  platinum.® 

Indium  and  the  Fluorine  Group. 

Indium  Trifluoride,  InFg. — Glistening,  colourless,  rhombic  pyramids  of 
the  trihydrate  InF3.3H20  have  been  obtained  by  Thiel,®  and  white  needles  of 
the  hydrate  InF3.9H20  have  been  prepared  by  Chabrie  and  Bouchonnet,^  by 
the  action  of  dilute  hydrofluoric  acid  on  indium  hydroxide.  The  hydrates 
are  sparingly  soluble  in  cold  water,  and  when  boiled  with  water  are  resolved 
into  indium  hydroxide  and  hydrofluoric  acid. 

The  double  salt  indium  ammonium  fluoride  is  very  slightly  soluble  in 
water.® 

Indium  monochloride,  InCl,  prepared  by  heating  the  dichloride  with 
excess  of  indium  and  distilling  the  product  in  carbon  dioxide,  is  a  dark  red 
solid  which  melts  to  a  blood-red  liquid.  Its  vapour  density  at  1100°  to  1400* * 
is  about  5-3  (air  =  l),  corresponding  to  the  simple  formula.®  Water  decom¬ 
poses  it  into  the  trichloride  and  metallic  indium. 

Indium  dichloride,  InCl2,  prepared  by  heating  indium  in  a  stream  of 
dry  hydrogen  chloride,  is  a  white,  crystalline  solid  which  melts  to  a  yellow 
liquid.  Its  vapour  density  at  1167°  to  1400°  is  about  6'5  (air  =  l),  cori’e- 
sponding  to  the  simple  formula.'^  Water  decomposes  it  into  the  trichloride 
and  metallic  indium. 

Indium  trichloride,  InClg,  is  prepared  by  the  action  of  excess  of 
chlorine  upon  indium,  the  lower  chlorides,  or  a  mixture  of  indium  sesqui  oxide 
and  carbon,  the  product  being  puriBed  by  distillation  in  a  stream  of  carbon 
dioxide.  It  forms  white,  lustrous  tablets,  which  do  not  volatilise  appreciably 
at  440°.  Volatilisation  occurs  slowly  at  600.°  The  vapour  density  is  7 '8, 
referred  to  air  as  unity,  at  600°  to  850°,  corresponding  to  the  molecular 
formula  InClg ;  but  at  higher  temperatures  dissociation  occurs.® 

The  density  of  the  solid  chloride  is  4-0.®  The  chloride  is  very  deliquescent 
and  dissolves  readily  in  water,  in  which  it  is  slightly  hydrolysed ;  but  the 
solution  loses  very  little  hydrogen  chloride  when  evaporated  at  100°. 

The  equivalent  conductivities  (A)  of  aqueous  solutions  of  indium  trichloride 
at  25°  are,  according  to  Thiel,  as  follows  {rj  =  cone,  in  gram-equivalents  per  c.c. ; 
?’  =  dilution,  in  litres  per  gram  equivalent;  see  p.  155  and  fig.  17)  : — 


V 

0-33 

3-33 

33-3 

333 

3333 

lOOOr] 

30 

0-30 

0-03 

0-003 

0  0003 

A 

10-2 

30-5 

50-6 

101-0 

225-0 

Indium  trichloride  forms  double  salts  with  the  chlorides  of  the  alkali 
metals,  ammonium,  and  platinum.^®  The  salt  K3lnClg.2H20  crystallises  in  the 


1  Heycock  and  Neville,  ibid.,  1889,  55,  666. 

®  Chabrie  and  Rengade,  Compt.  rend.,  1901,  132,  472  ;  Richards  and  Wilson,  loc.  cit. ; 
J.  Hildebrand,  loc.  dt. 

®  Thiel,  Zeitsch.  anorg.  Chem,,  1904,  40,  280. 

*  Chabrie  and  Bouchonnet,  Compt.  rend.,  lOO.*),  140,  90. 

®  Huysse,  Zeitsch.  anal.  Chem.,  1900,  39,  9. 

®  Nilson  and  Pettersson,  Trans.  Chem.  Soc.,  1888,  53,  814. 

’  Nilson  and  Petter.sson,  loc.  cit. 

®  C.  and  V.  Meyer,  Ber.,  1879,  12,  609  ;  Nilson  and  Pettersson,  loc.  cit. 

®  Thiel,  loc.  cit. 

R.  E.  Meyer  Annalen,  1869,  150,  137;  Nilson,  Ber.,  1876,  9,  1059,  1142. 
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ditetragonal,  bipyramidal  class  of  the  tetragonal  system ;  and  the  ammonium, 
rubidium,  and  caesium  salts  of  the  type  X2lnCl5.H20  are  isomorphous  with  one 
another,  crystallising  in  the  bipyramidal  class  of  the  rhombic  system.^  The 
platinum  salt  has  the  composition  2InCl3.5PtC1^.36H20.  Indium  trichloride 
also  forms  an  addition-product  with  ammonia,  and  with  pyridine  forms  the 
compound  InClg.SOgHgN,  m.p.  253°.^ 

Indium  oxychloride,  InOCl,  obtained  by  the  action  of  oxygen  and 
chlorine  upon  heated  indium  dichloride,  is  a  white,  sparingly  soluble  powder.^ 

Indium  monobromide,  InBr,  and  indium  dibromide,  InBi-g,  resemble 
the  corresponding  chlorides.  At  1330°  the  vapour  of  the  monobromide  has 
the  normal  density ;  but  the  dibromide  is  considerably  dissociated  into  the 
monobromide  and  bromine.® 

Indium  tribromide,  InBrg,  is  prepared  by  the  action  of  bromine  vapour 
upon  heated  indium,  and  may  be  sublimed  in  a  current  of  carbon  dioxide.  It 
resembles  the  trichloride  in  properties.  Numerous  physical  properties  of 
indium  tribromide  solutions  have  been  measured  by  Heydweiller.  The 
equivalent  conductivities  at  18°  are  as  follows  ; — ^ 


V 

9-9701 

5-0000 

2-0032 

0-9962 

0-5003 

0-2640 

lOOO-n 

0-1003 

0-2000 

0-4992 

1-0038 

1-9986 

3-7875 

A, 

53-85 

46-75  . 

37-02 

28-67 

19-83 

11-04 

The  double  salts  KolnBrg.2H20,  (NH^)2lnBrg.H20,  Bb2lnBr5.H20,  and 
CsgInBrg.HgO  are  isomorphous  with  the  corresponding  chlorine  compounds. 

The  following  densities  (at  20°)  and  crystallographic  constants  are  given 
by  Wallace  : —  ® 


Tetragonal  KoInCL.2H90 
K3lnBre.2H20 

Orthorhombic  (NH.lnInCL.HoO  a\h 
RbglnClg.HgO 
CSglnClg.HgO 
(NHJgInBrg.HgO 
RbgInBrg.HgO 
CsgInBr;;.!!,© 


a :  c  =  1  :  0’8173  j  density  =  2-483 

3-140 

c  =  0-9668  :  1  :  1-4005;  density  =  2-281 

0-9725  ;  1  :  1-4085  3-089 

0-9841  :  1  :  1-4033  3-350 

3-167 

0-9803  :  1  :  l'3951v  3-409 

0-9734  :  I  :  1-4180  3-776 


These  results  should  be  compared  with  those  for  the  corresponding  thallium 
salts  (p.  181). 

Indium  oxybromide,  InOBr,  has  been  described.® 

Indium  mono-iodide,  Inl,  is  produced  when  an  excess  of  indium  is 
heated  with  iodine.  Small  quantities  must  be  used,  unless  the  reaction  is 
carried  out  in  an  atmosphere  of  carbon  dioxide.  Indium  tri-iodide  is  reduced 
to  the  mono-iodide  by  repeated  distillation  in  hydrogen.  It  is  a  brownish-red 
solid,  which  melts  at  351°  and  boils  at  c.  700°,  and  maybe  distilled  in  carbon 

dioxide.  .  .  j.. 

Indium  mono-iodid6  is  not  attacked  by  bot  water,  but  dissolves  in  dilute 


'  Wallace,  Zeitsch.  Kryst.  Min.,  1911,  49,  417. 

2  Reiiz,  Ber.,  1904,  37,  2110  ;  Dennis  and  Geer,  ibid.,  1904,  37,  961. 
y  YIubI  1/OC  czt 

^  Heydweiller,  Zeitsch,  ctnorg.  Ohein.,  1914,  88,  103  ;  see  also  p.  155  and  fig.  17. 
®  Wallace,  loc.  cit. 

"  R.  E.  Meyer,  loc.  cit.  ;  cf.  Thiel,  loc.  cit. 
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acids  with  the  evolution  of  hydrogen.  It  is  insoluble  in  alcohol,  ether,  and 
chloroform.  The  simultaneous  action  of  air  and  water  leads  to  the  production 
of  indium  hydroxide  and  hydriodic  acid.  This  action  is  slow  with  cold  water, 
and  the  hydroxide  is  obtained  in  colloidal  solution,  but  with  hot  water  the 
hydroxide  separates  in  a  form  easily  filtered.^ 

Indium  di-iodide,  Inl2,  has  not  been  isolated  in  the  pure  state,  but 
thermal  analysis  shows  that  the  compound  exists.  A  mixture  containing 
indium  and  iodine  in  the  ratio  In  :  Ig  melts  at  c.  212°,  and  the  addition  of 
either  iodine  or  indium  depresses  the  melting-point.  The  failure  to  obtain 
the  di-iodide  by  heating  the  elements  together  in  the  correct  ratio  and 
distilling  the  product  is  doubtless  due  to  dissociation  of  the  molten  di-iodide 
into  the  mono-  and  tri-iodides  taking  place  to  a  very  large  extent,  as  the 
shape  of  the  melting-point  curve  indicates.^ 

Indium  tri-iodide,  Inig,  is  produced  when  indium  is  heated  with  an 
excess  of  iodine  in  an  atmosphere  of  carbon  dioxide.  It  is  a  hygroscopic, 
yellow  solid,  melting  at  c.  200°  to  a  red  liquid  which  can  be  slowly  distilled 
in  carbon  dioxide  at  high  temperatures.  The  tri-iodide  is  soluble  in  water, 
alcohol,  ether,  chloroform,  and  xylene.^ 

Indium  perchlorate,  In(C104)g.8H20,  prepared  from  indium  and  dilute 
perchloric  acid,  forms  colourless,  deliquescent  crystals,  which  melt  at  80° 
to  a  turbid  liquid.  It  is  easily  soluble  in  water  and  alcohol.^ 

Indium  iodate,  111(103)3,  obtained  from  indium  trichloride  and 
potassium  iodate,  separates  from  its  solution  in  hot  dilute  nitric  acid  as  a 
white,  crystalline  powder,  1  part  of  which  dissolves  in  1500  of  water  at 
18°,  and  in  150  of  dilute  nitric  acid  (1  :  5)  at  80°.^ 

Indium  and  the  Oxygen  Gkoup. 

Indium  sesqui-oxide,  In203>  obtained  when  indium  is  heated  in  air 
or  oxygen,  is  prepared  by  the  ignition  of  the  hydroxide,  carbonate,  nitrate, 
or  sulphate.  Prepared  at  fairly  low  temperatures,  it  forms  a  yellow, 
amorphous  powder  which  is  readily  soluble  in  acids,  producing  indium  salts ; 
but  when  produced  at  high  temperatures,  it  forms  rhombohedral  crystals 
of  the  colour  of  chlorine,  and  is  extremely  resistant  towards  acids.  The 
density  is  7T8;  the  specific  heat  (0* *  to  100°),  0'0807.®  It  is  diamagnetic.® 
Indium  sesqui-oxide  is  reduced  to  indium  when  heated  with  sodium, 
carbon,  or  magnesium,  or  when  heated  in  either  hydrogen  or  ammonia;® 
and  by  carefully  regulating  the  reduction  in  hydrogen,  Winkler  claims  to 
have  obtained  lower  oxides,  including  a  black  monoxide  InO. 

When  heated  above  850°,  indium  sesqui-oxide  loses  oxygen  and 
becomes  converted  into  the  oxide  10304,  which  crystallises  in  regular 
octahedra  isomorphous  with  Fe304.'^  The  loss  in  weight  associated  with  this 
change  had  previously  been  attributed  to  the  volatility  of  the  sesqui-oxide.® 


^  Thiel  and  Koelsoh,  Zeitscli,  anorg.  Chem.,  1910,  66,  288. 

®  Thiel  and  Koelsch,  loc.  dt. 

^  R.  E.  Meyer,  loc.  dt.  ;  Thiel,  loc.  dt.  ;  Thiel  and  Koelsch,  loc.  cit. 

*  Mathers  and  Schluederherg,  J.  Avier.  Chem.  Soc.,  1908,  30,  211. 

®  Nilson  and  Pettersson,  Compt.  rend.,  1880,  91,  232  ;  Ber,,  1880,  13,  1459. 

®  Winkler,  J.prakt.  Chem.,  1865,  94,  1  ;  95,  414  ;  1867,  102,  273  ;  and  Ber.,  1890,  23, 
772 ;  Dennis  and  Geer,  J.  Amcr.  Chem.  Soc.,  1904,  26,  437 ;  Ber.,  1904,  37,  961. 

Thiel  and  Koelsch,  loc.  dt. ;  cf.  Read,  Trans.  Chem.  Soc.,  1894,  65,  313. 

®  Renz,  Ber,,  1903,  36,  1847  ;  1904,  37,  2110;  Meyer,  Zeitsch.  anorg.  Chem.,  1905,  47, 
281  ;  Thiel,  ibid.,  1906,  48,  201. 
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Neither  the  oxide  IrigO^  nor  the  (metastahle)  IiigOg  fuses  in  the  oxy- 
hydrogen  flame 

From  the  data  supplied  hy  Ditte^  the  following  results  may  be 
deduced ; — 

2[In]  +  3(0)  =  [In.Og]  +  239-8  Cals. 

[IngOg]  +  3H2S04.aq.  =  lug^SOJg.aq.  +  72-78  Cals. 

Indium  hydroxide,  In(0H)3. — Indium  is  slowly  converted  by  air 
and  moisture  into  indium  hydroxide.  The  hydroxide  may  be  prepared  hy 
adding  ammonia  to  an  aqueous  solution  of  an  indium  salt  and  washing 
the  precipitate.  Other  precipitants  may  be  used  instead  of  ammonia, 
e.g.  potassium  nitrite,  hydroxylamine,  and  the  simple  aliphatic  primary 
and  secondary  amines.^  The  air-dried  precipitate  has  the  composition 
2In(0H)3.3H20,  and  loses  3H2O  at  100°.® 

Freshly  precipitated  indium  hydroxide  exhibits  a  marked  tendency  to 
pass  into  the  colloidal  state  in  the  absence  of  electrolytes.  It  is  slightly 
soluble  in  concentrated  ammonium  hydroxide,  and  dissolves  readily  in  alkali 
hydroxides.  From  the  latter  solutions  it  is  reprecipitated  on  boiling  or 
standing.  When  heated  to  redness,  it  leaves  indium  sesqui-oxide.  With 
dilute  acids  it  reacts  to  produce  indium  salts  and  water ;  but  it  possesses 
slight  acidic  properties,  a  magnesium  indate  being  known.  This  substance, 
of  the  formula  MgIn20^.3H20,  is  obtained  as  a  white  precipitate  when  aqueous 
solutions  of  magnesium  and  indium  chlorides  are  mixed  and  boiled.^ 

Indium  monosulphide,  11128,  may  be  prepared  by  heating  the  tri¬ 
sulphide  in  a  stream  of  hydrogen.  It  is  volatile  at  a  red  lieat  and  forms 
flat,  transparent,  yellowish-brown  crystals.® 

Indium  disulphide,  InS,  is  prepared  by  heating  indium  in  a  stream  of 
hydrogen  sulphide,  and  forms  a  soft,  reddish-brown  solid.® 

Indium  sesquisulphide  or  trisulphide,  lugSg. — This  compound  was 
prepared  by  Winkler  as  a  brown  solid  by  heating  either  indium  or  its 
sesqui-oxide  with  sulphur.  By  igniting  a  mixture  of  sodium  carbonate, 
indium  oxide  and  sulphur,  Winkler  obtained  the  sesquisulphide  of  indium  in 
shining,  yellow  crystals.  Thiel  has  prepared  the  sulphide  in  scarlet-red 
shining  crystals  by  igniting  indium  sesqui-oxide  in  a  current  of  hydrogen 
sulphide.  The  sulphide  is  not  volatile  at  a  red  heat,  but  when  heated  in  air 
it  is  decomposed  with  the  idtimate  formation  of  indium  sesqui-oxide.^ 

When  hydrogen  sulphide  is  passed  into  an  aqueous  solution  of  an  indium 
salt,  indium  sesquisulphide  is  thrown  down  as  a  yellow  precipitate,  resembling 
cadmium  sulphide  in  appearance.  The  precipitation  is  prevented  by  the 
presence  of  mineral  acids  except  when  the  acidity  of  the  solution  is  very 
slight  j  but  acetic  acid  does  not  inhibit  the  precipitation.  The  yellow  sulphide 
is  soluble  in  concentrated  mineral  acids. 

Indium  sesquisulphide  is  obtained  in  colloidal  solution  by  passing  hydrogen 
sulphide  into  water  in  which  indium  hydroxide  is  suspended.  Excess  of 


1  Ditte,  Compt.  rend,,  1871,  72,  858  ;  73,  108. 

®  Renz,  Ber.,  1901,  34,  2763  ;  1903,  36,  2751;  1904,  37,  2110;  Bayer,  Annalen, 
1871,  158,  372  ;  Dennis  and  Geer,  Ber.,  1904,  37,  961  ;  J.  Anier.  Ghcm.  Soe.,  1904,  26,  437. 

^  Winkler,  J,  praM.  Chem.,  1867,  102,  273  ;  Carnelley  and  Walker,  Trans.  Ghcm.  Soc., 
1888,  53,  74,  88. 

^  Renz,  Ber.,  1901,  34,  2763. 

®  Thiel,  Zeitscli.  anorg.  Ghem.,  1904,  40,  280  ;  Thiel  and  Koelsch,  ibid.,  1910,  66,  288. 

®  Thiel  and  Koelsch,  loc,  cit, 

Winkler,  J.prakt.  Chem.,  1867,  102,  273  ;  Thiel,  Zeitscli.  anorg.  Ghem.,  1904,  40,  280. 
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hydrogen  sidphide  may  be  removed  by  boiling,  but  the  addition  of  an 
electrolyte  leads  to  the  precipitation  of  the  yellow  sulphided 

Indium  sesquisulphide  forms  either  double  or  complex  salts  with  alkali 
sulphides.  Indium  potassium  sulphide^  KgS.IngSg  or  K2(In2S^),  is  obtained 
as  insoluble,  hyacinth-red,  quadratic  tables  when  indium  sesqui-oxide  (1  pt.), 
potassium  carbonate  (6  pts.),  and  sulphur  (6  pts.)  are  fused  together.  By 
using  sodium  carbonate,  the  product  obtained  is  soluble  in  water,  but  a  white 
precipitate  of  indium  sodium  sulphide,  Na2(In2S4).2H20,  slowly  separates  out.^ 
Potassium  sulphide  gives  a  white  precipitate,  probably  of  the  composition 
1^2(111284). ajHgO,  when  added  to  the  solution  of  an  indium  salt.  In  excess  of 
potassium  sulphide  the  precipitate  dissolves.  The  addition  of  mineral  acid 
to  this  solution  leads  to  the  precipitation  of  yellow  indium  sulphide,  which 
dissolves  in  excess  of  the  acid.  Potassium  hydrosulphide  also  produces  a 
white  precipitate  with  ail  indium  salt,  but  it  is  insoluble  in  excess  of  the 
precipitant.  An  analogous  white  precipitate  is  produced  by  ammonium 
sulphide ;  it  dissolves  in  excess  of  the  hot,  but  not  of  the  cold  precipitant.® 
Basic  indium  sulphite,  In2(S03)3.2In(0H)g.5H20,  is  obtained  as  an 
insoluble,  white  precipitate  when  a  solution  of  an  indium  salt  is  boiled  with 
sodium  or  ammonium  sulphite.  It  dissolves  in  cold  aqueous  sulphurous 
acid,  but  separates  out  again  as  a  crystalline  pow'der  when  the  solution  is 
boiled.  It  loses  SHgO  at  100°,  and  another  bllgO  at  260°.  At  280°  sulphur 
dioxide  begins  to  be  -  evolved,  and  when  further  heated  a  residue  of  indium 
sesqui-oxide  is  ultimately  obtained.'^ 

Indium  sulphate,  In2(S04)g,  may  be  prepared  by  dissolving  indium, 
indium  sesqui-oxide,  or  indium  hydroxide  in  sulphuric  acid,  and  carefully 
heating  to  expel  water  and  excess  of  sulphuric  acid.  It  is  a  white  solid, 
very  hygroscopic  and  extremely  soluble  in  water,  from  which  it  is  ex¬ 
ceedingly  difficult  to  crystallise  out  a  hydrated  sulphate.  An  ennea-hydrate, 
In2(S04)3.9H20,  is  said  to  exist,  and  an  acid  salt  of  the  composition 
1112(804)3.112804.81120  is  described  as  separating  from  an  acid  solution  of 
the  sulphate  when  evaporated  over  concentrated  sulphuric  acid.® 

The  anhydrous  sulphate  has  a  density  of  3’44  and  a  specific  heat 
(between  0°  and  100°)  of  0T29.® 

Various  double  sulphates  have  been  prepared  by  mixing  indium  sulphate 
solutions  with  solutions  of  other  sulphates.  The  ammonium-,  rubidium-, 
and  csesium-indium  alums,  M2S04.In2(S04)3.24H20  (M  =  NH4,  Rb,  or  Cs), 
can  be  thus  prepared,  the  first  having  been  discovered  by  Roessler  and  the 
others  by  Soret.  Lithium,  sodium,  and  potassium  alums  are  not  knowm, 
but  sodium  indium  sulphate,  lSra2S04.In2(804)3.8H20,  and  the  corre¬ 
sponding  potassium,  ammonium,  and  thallium  salts  have  been  prepared. 

The  three  alums  separate  out  in  regular  octahedra  or  combinations  of 
the  octahedron  and  cube.  Their  aqueous  solutions  have  an  acid  reaction, 
and  when  heated  become  turbid  owdng  to  the  separation  of  basic  sulphates 


1  Winssinger,  Bull,  Soc.  chini.,  1888,  [ii.],  49,  462;  Linder  and  Picton,  Trans.  Chem. 
Soc.,  1892,  61,  134. 

®  Schneider,  J.  prakt.  Chem.,  1874,  [ii.],  9,  209. 

®  Reich  and  Richter,  J.  prakt.  Chem.,  1863,  90, 172  ;  1864,  92,  480  ;  Winkler,  ibid.,  1867, 
102,  273  ;  E.  E.  Meyer,  Annalen,  1869,  150,  137. 

^  C.  E.  Bayer,  Annalen,  1871,  158,  372;  Ann.  Chim.  Phys.,  1872,  [iv.],  23,  50; 
Thiel,  Zcitsch.  anorg.  Chem.,  1904,  40,  280. 

®  R.  E.  Meyer,  Annalen,  1869,  150,  137. 

“  Nilson  and  Pettersson,  Per.,  1880,  13,  1459  ;  Compt.  rend.,  1880,  91,  232. 
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or,  in  the  case  of  the  caesium  salt,  indium  hydroxide.  The  melting-points 
and  solubilities  of  the  alums  in  water  (in  grams  of  crystalline  salt  per  100 
grams  of  water)  are  as  follows  : —  ^ 


Solubilities. 


Temperature,  °C. 

15°  16-5° 

25°  30° 

Ammonium  indium  alum ;  m.p.  36° ; 

...  c.  200 

...  c.  400 

Rubidium  „  „  ;  m.p.  42°; 

44-28  ... 

Caesium  „  ;  m.p.  '1  ; 

3-04 

c.  ii-7  .!! 

In  the  case  of  the  ammonium  alum,  the  “melting-point”  is  known  to 
denote  the  transition-point,  above  which  the  alum  breaks  up  into  the 
octahydrate  and  water  (Roessler) : — 

(NH,)2S0,.In2(S04)3.24H20— (NH4)2S0,.In2(S0,)3.8H20  -t-  lOH^O. 

The  densities  and  refractive  indices  of  the  alums  for  the  D-line  at  the 
ordinary  temperature  are  given  by  Soret  ^  as  follows  : — 

NH4.  Rb.  Cs. 

density  2‘011  2'066  2-241 

ja  1-4664  .  1-4638  1-4652 

Indium  sesquiselenide,  Tn2Se3,  is  obtained  by  heating  indium  with 
selenium  and  repeatedly  fusing  the  product  with  selenium.  A  brown  pre¬ 
cipitate  of  the  same  composition  is  produced  by  passing  hydrogen  selenide  into 
indium  acetate  solution.  The  sesquiselenide  is  decomposed  by  dilute  hydro¬ 
chloric  acid  with  the  evolution  of  hydrogen  selenide,  and  is  eventually  converted 
by  nitric  acid  into  indium  selenite.  When  heated  in  hydrogen,  hydrogen 
selenide  and  a  dark  sublimate  (probably  a  lower  selenide)  are  produced.® 

Indium  selenite,  In2(Se03)3.6H20. — When  sodium  selenite  is  added  to 
a  solution  of  an  aluminium  salt,  a  basic  selenite  is  precipitated,  which  is 
converted  into  the  normal  selenite  when  heated  with  aqueous  selenious  acid 
at  60°.  The  normal  selenite  is  a  white,  crystalline  powder,  practically  in¬ 
soluble  in  water.  Two  acid  selenites  have  been  also  described.^ 

Indium  selenate,  102(860^)3.  IOH2O,  is  prepared  by  dissolving  indium 
hydroxide  in  aqueous  selenic  acid  and  crystallising  the  solution.  The 
crystals  are  hygroscopic  and  easily  soluble  in  water.  When  mixed  with  the 
requisite  amount  of  aqueous  caesium  selenate,  caesium  indium  selenate, 
102(804)3.08280^.241120,  crystallises  out  in  efflorescent  crystals,  which  are 
described  as  tetragonal  bipyramids  and  not  regular  octahedra  as  would  be 
anticipated.® 

Indium  telluride,  InTe,  may  be  prepared  by  fusing  together  indium  and 
tellurium  in  an  atmosphere  of  nitrogen.  It  forms  a  readily  fusible  solid, 
which  is  insoluble  in  hydrochloric  acid  but  attacked  by  nitric  acid.  A  brown 
indium  telluride  is  precipitated  when  hydrogen  telluride  is  passed  into  a 
solution  of  indium  acetate.® 


1  Roessler,  J.praJct.  Chem.,  1873,  [ii.],  7, 14  ;  Cbabrie  and  Rengade,  Compt.  rend.,  1900, 
131,  1300 ;  1901,  132,  472;  Bull.  Soc.  cMm.,  1901,  [iii.],  25,  566  ;  Locke,  Amer.  Ghem.  J., 
1901,  26,  166. 

2  Soret,  Arch.  Sci.  phys.  nat.,  1885,  [iii.],  13,  5  ;  1888,  [iii.],  20,  520. 

®  Thiel  and  Koelsch,  Zeitsch.  anorg.  Ghem.,  1910,  66,  288. 

^  Nilson,  Nova  Acta  Sue.  Uysala,  1875,  [iii.],  9i  7  ;  Bull.  Soc.  chivi.,  1875,  [ii.], 
23,  494. 

“  Mathers  and  Schluederberg,  J.  Amer.  Ghem.  Soc.,  1908,  30,  211. 

®  Thiel  and  Koelsch,  loc.  cit. 
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Indium  chromate  does  not  appear  to  have  been  analysed.  Indium 
molybdate,  In2(Mo0j3.2H20,  indium  tungstate,  and  indium  uranate 

are  mentioned  by  Renz.^ 

Indium  silicotungstates.— Indium  silicotungstate  is  very  soluble  in 
water,  and  two  hydrates  may  be  crystallised  out  from  the  solution.  The  first, 
of  the  composition  2In203.3(Si02.12W03).93H20,  forms  regular  octahedra, 
while  the  second,  with  63H2O,  is  triclinic  (a  :  h  :  c  =  0-6025  :  1  :  0-7864  :  a  =  85 
10',  ^  =  106°  3',  7=  90°  12').  The  add  salt,  In2O3.H2O.2(SiO2.12WO3).40H2O, 
forms  monoclinic  crystals  {a\h  :  c  =  0-9552  :  1  :  0-6544 ;  /j  =  96  32  ).^ 

Indium  and  the  Nitrogen  Group. 

Indium  nitrate,  2In(N03)3.9H20.— Indium  dissolves  slowly  in  dilute, 
more  rapidly  in  concentrated  nitric  acid,  a  solution  of  the  nitrate  being 
produced.  In  the  presence  of  nitric  acid,  indium  nitrate  readily  crystallises 
from  the  solution ;  but  from  a  neutral  solution  it  is  very  difficult  to  crystallise 
the  salt.  Indium  nitrate  forms  colourless,  deliquescent  needles ;  it  loses 
one-third  of  its  water  at  100°  and  all  of  it  over  concentrated  sulphuric  acid. 
The  nitrate  is  easily  decomposed  by  heat,  and  its  aqueous  solution  becomes 
turbid,  owing  to  the  separation  of  basic  salt,  when  heated  (AVinkler).  A 
double  nitrate  is  formed  with  ammonium  nitrate.® 

Indium  phosphide,  InP,  is  left  as  a  black,  crystalline  residue  when 
indium  mono-iodide  is  melted  with  white  phosphorus  and  then  heated  to  400°. 
Metallic  indium  is  only  superficially  attacked  by  phosphorus.^ 

Indium  phosphate.  —  The  precipitate  obtained  by  adding  sodium 
phosphate  to  an  indium  salt  has  not  yet  been  examined  in  detail. 

Indium  -vanadate.  —  Indium  salts  are  precipitated  by  ammonium 
meta  vanadate.^ 

Indium  and  the  Carbon  Group. 

Indium  carbonate  (1)  has  not  yet  been  analysed. 

Indium  cyanide  also  does  not  seem  to  have  been  analysed. 

The  platinocyanide,  In2[Pt(CN)j3.2H20,  forms  white,  hygroscopic, 
soluble  leaflets.^ 

Indium  oxalate,  In2(C204)3.6H20,  is  insoluble  in  water  and  ammonia.® 
Other  organic  salts  of  indium  have  been  prepared  by  R.  E.  Meyer.® 

Indium  acetylacetonate,  [(CH3.CO)2CH]3ln,  is  prepared  by  heating 
indium  hydroxide  for  eight  hours  with  a  boiling  alcoholic  solution  of 
acetylacetone.  It  crystallises  from  alcohol  in  flat,  six-sided  prisms  and  melts 
at  183° ;  the  crystals  are  rhombic  (bipyramidal)  and  isomorphous  with 
scandium  and  ferric  acetylacetonates.^  At  260°  to  280°  it  partly  sublimes 
and  partly  decomposes.  Its  molecular  weight  in  ethylene  dibromide  solution 
is  in  accordance  with  the  above  simple  formula.® 

* 

1  Reiiz,  Ber.,  1901,  34,  2763. 

2  Wyrouboff,  Bull.  Soc.  fran<;.  Min.,  1907,  30,  277. 

®  Dennis  and  Geer,  J.  Avier.  Chem.  Soc.,  1904,  26,  437. 

Tliiel  and  Koelscli,  loc.  cit. 

^  Winkler,  J.  prakt.  Chem.,  1867,  102,  273;  Biittger,  ibid.,  1866,  98,  26;  Huysse, 
Zeitsch,  anal.  Chem.,  1900,  39,  9. 

®  R.  E.  Meyer,  Annalen,  1869,  150,  137. 

Jaeger,  Proc.  K.  Akad.  Wctensch.  Amsterdam,  1914,  16,  1095  ;  Rec.  trav.  chim.,  1914, 
33.  342. 

®  Ohabri4  and  Rengade,  Compt.  rend.,  1900,  131,  1300  ;  1901,  132,  472. 


INDIUM. 


163 


Detection  and  Estimation  of  Indium. 

Indium  salts  colour  the  flame  bluish-violet,  and  spectroscopic  examination 
of  the  flame  reveals  the  two  dominant  lines  A4511-5  and  A4102-0.  To  detect 
indium  in  a  mineral,  it  may  be  attacked  with  aqua  regia,  the  acid  neutralised, 
and,  after  adding  excess  of  sodium  acetate,  the  solution  saturated  with 
hydrogen  sulphide.  The  precipitated  sulphides  may  then  be  treated  with 
hydrochloric  acid,  and  a  spectroscopic  test  carried  out.^ 

Heated  in  the  reducing  flame  on  charcoal  with  fusion  mixture,  indium 
compounds  give  a  metallic  bead  and  a  yellow  incrustation  of  oxide. 

Indium  hydroxide,  freshly  precipitated,  is  only  appreciably  soluble  in  an 
excess  of  concentrated  ammonium  hydroxide.  It  dissolves  in  sodium  or 
potassium  hydroxide,  but  is  reprecipitated  on  boiling  the  solution  or  on 
standing.  Indium  is  completely  precipitated  as  the  hydroxide  by  barium 
carbonate.  Indium  carbonate  (1)  is  soluble  in  cold  ammonium  carbonate 
solution,  but  is  reprecipitated  on  boiling  the  solution.  Indium  salts  are 
precipitated  by  potassium  cyanide,  ferrocyanide,  or  chromate,  but  not  by 
the  dichromate.  The  precipitated  cyanide  is  soluble  in  excess  of  the  pre¬ 
cipitant,  but  on  standing  or  by  boiling,  indium  hydroxide  separates  from  the 
solution.  Indium  ferrocyanide  is  much  more  soluble  in  hydrochloric  acid 
than  is  the  corresponding  gallium  salt. 

In  neutral  solutions,  or  solutions  acidified  with  acetic  acid,  indium  is 
completely  precipitated  as  the  yellow  sulphide.  In  solutions  containing 
mineral  acid  (except  in  very  low  concentration)  the  precipitation  does  not 
occur.  Alkali  sulphides  produce  more  complex  precipitates. 

Very  small  quantities  of  indium  may  be  detected  microchemically  by  the 
formation  of  rubidium  indium  chloride.^ 

Indium  is  precipitated  quantitatively  from  its  salts  as  the  hydroxide  by 
boiling  with  a  slight  excess  of  ammonia.  The  precipitate  is  dried  at  850°  and 
weighed  as  the  sesqui-oxide.^  In  place  of  ammonia  as  precipitant,  dimethyl- 
amine  has  been  suggested,  and  also  methylamine  and  ethylamine  or  their 
hydrochlorides;^  while  Stock’s  method  of  precipitation  (seep.  100)  may  be 
adopted. 

Indium  is  difficult  to  separate  from  iron.  The  best  method  appears  to  be 
to  deposit  the  indium  electrolytically  from  its  sulphate  solution,  dissolve  the 
deposit,  w'hich  will  still  retain  a  little  iron,  in  nitric  acid,  neutralise  with 
ammonia,  add  an  equal  volume  of  50  per  cent,  acetic  acid,  and  precipitate  the 
iron  by  the  addition  of  a  solution  of  nitroso-,/3-naphthol  in  acetic  acid.  ® 

For  the  electrolytic  deposition  of  indium,  a  sulphate  solution  containing  a 
little  free  acid  may  be  employed.  Thiel  uses  a  silvered  platinum  bowl  as 
cathode;  rapid  deposition  may  be  obtained  with  a  mercury  cathode  and 
rotating  anode.  Good  deposits  on  platinum  cathodes  are  also  obtained  from 
warm  cyanide  or  tartrate  solutions,  employing  a  rotating  anode.® 


^  Hoppe-Seyler,  Annalen,  1866,  140,  247. 

^  Kley,  Chem.  Zeit.,  1901,  25,  563  ;  cf.  Huysse,  Zeitsch.  anal.  Chevi.,  1900,  39,  9. 
®  Thiel  and  Koelscli,  Zeitsch,  anorg.  Ghem.,  1910,  66,  288. 

Renz,  Ber.,  1901,  34,  2763  ;  1903,  36,  2751,  4394. 

®  Mathers,  J.  Amer.  Chem.  Soc.,  1908,  30,  209. 

•>  Kollock  and  Smith,  ibid.,  1910,  32,  1248. 
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THALLIUM. 

Symbol,  Tl.  Atomic  weight,  204‘0  (0  =  16). 

Occurrence. — Thallium  is  one  of  the  rarer  elements,  and  only  two  or 
three  minerals  are  known  in  which  thallium  is  an.  essential  constituent. 
Crookesite,  an  apparently  amorphous  mineral  discovered  by  Nordenskiold  in 
a  copper  mine  at  Skrikerum  (Sweden),  has  the  composition  Tl  17'25,  Se  33'28, 
Cu  45'76,  and  Ag  3-71  per  cent.^  Loravdite,  TlAsSg,  has  been  found  as  red, 
translucent,  monoclinic  crystals  (a  :  6  :  c=  1'3291  : 1  : 1’0780  ;  ^’  =  52°  27')  in 
Macedonia,  associated  with  realgar.  ^  Vrhaite,  TlAsgSbSj^,  also  occurs  in 
Macedonia,  associated  with  realgar  and  orpiment.  It  forms  orthorhombic 
crystals  (a:  6  :  c  =  0’5659  : 1  : 0  4836)  which  are  deep  red  and  translucent 
when  small,  and  give  a  red  streak.® 

In  small  quantities  thallium  occurs  widely  distributed  in  nature  in  rocks 
and  minerals,  sometimes  in  association  with  the  alkali  metals,  at  other  times 
with  iron,  zinc,  lead,  etc.^  Thus  it  occurs  in  (a)  lithia  mica,  (6)  sylvine  and 
carnallite,  (c)  al unite,  [d)  zinc  blende,  (e)  pyrites,  hsematite,  and  marcasite, 
(/)  braunite,  {g)  sphalenite,  etc.®  Thallium  is  also  found  in  certain  mineral 
waters,  e.g.  at  Nauheim,  and  is  widely  diffused  in  the  vegetable  kingdom.® 
Owing  to  the  occurrence  of  traces  of  thallium  in  various  minerals,  it  is 
found  in  small  amounts  in  a  number  of  commercial  products,  e.g.  zinc, 
cadmium,  platinum,  bismuth,  tellurium,  etc.’^  It  also  occurs  in  the  chamber 
mud  and  flue  dust  from  vitriol  factories  where  thalliferous  pyrites  is  burnt. 


^  Nordenskiold,  K.  Svensica  Vet.-Akad.  Handl.,  1866,  No.  10  ;  Annalen,  1868,  145, 
127. 

2  Kreimer,  Zeitsch.  Kryst.  Min.,  1897,  27,  98  ;  Goldschmidt,  ibid.,  1898,  30,  272. 

®  Jezek,  ibid.,  1912,  51,  364;  Krehlik,  ibid.,  1912,  51,  379. 

^  Schramm,  Annalen,  1883,  219,  374  ;  Hartley  and  Ramage,  Trans.  Chem.  Soc.,  1897, 
71,  533  ;  Vernadski,  Bull.  Acad.  Sci.  Petrograd,  1909,  p.  821. 

^  (a)  Schrotter,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1863,  48,  734  ;  1864,  50,  268; 
J.  prakt.  Chem.,  1864,  91,  46;  93,  276;  (6)  Hammerhacher,  Annalen,  1875,  176,  82; 
(c)  Cossa,  Gazzetta,  1878,  8,  235  ;  Ber.,  1878,  ii,  811  ;  (d)  Bunsen,  Annalen,  1865,  133, 
108;  Urbain,  Oompt.  rend.,  1909,  149,  602;  (e)  Crookes,  Lainy,  Kuhlmann,  vide  infra  \ 
Playfair,  Chem.  News,  1879,  39,  245;  Antipoff,  J.  Buss.  Phys.  Chem.  Soc.,  1896,  28,4 
384  ;  Inglestrom,  Zeitsch.  Kryst.  Min.,  1895,  25,  94  ;  (/)  Bischoff,  Annalen,  1864,  129, 
376  ;  (g)  von  Kobell,  J.  prakt.  Chem.,  1871,  [ii.],  3,  176. 

®  Bottger,  Annalen,  1863,  127,  368  ;  128,  240. 

Kosmanu,  Chem.  Zeit.,  1886,  10,  762;  Phipson,  Compt.  rend.,  1874,  78,  563  ;  Warren, 
Chem.  News,  1887,  55,  241  ;  Herepath,  ibid.,  1863,  7,  77;  Pharm.  J.,  1863,  4,  302  ; 
Crookes,  Chem.  News,  1863,  7,  109;  Werther,  J.  prakt.  Chem.,  1863,  88,  180;  Roepper, 
Amer.  J.  Sci.,  1863,  [ii.],  35,  420;  Streng,  Dingl.  poly.  J.,  1865,  177,  329  ;  Zimmermann, 
Annalen,  1886,  232,  273. 
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History. — ThallHun  was  discovered  independently  by  Crookes  in  England 
and  Lamy  in  France.  Each  of  these  scientists  observed  a  new  gi’een  line  in 
the  spectrum  of  some  material  he  was  examining,  attributed  it  to  a  new 
element,  and  succeeded  in  isolating  it.  Crookes,  who  in  March  1861  was  the 
first  to  make  the  discovery,  was  engaged  in  extracting  selenium  from  a  deposit 
obtained  from  a  sulphuric  acid  factory  at  Tilkerode  in  the  Harz.  At  first  he 
suspected  that  the  new  element  was  a  metalloid  belonging  to  the  sulphur 
group,  and  called  it  thallium  in  allusion  to  the  green  colour  of  its  spectrum 
line  (Latin,  thallus,  a  budding  twig).  His  early  work  on  thallium  was  greatly 
hampered  by  lack  of  material,  but  he  eventually  discovered  the  metallic 
nature  of  thallium,  and  in  May  1862  was  able  to  exhibit  a  few  grains  of  the 
metallic  element  in  powder  form.^  Lamy  made  his  discovery  in  April  1862, 
when  examining  the  lead  chamber  deposits  from  the  sulphuric  acid  factory 
of  M.  F.  Kuhlmann  at  Loos,  where  Belgian  pyrites  were  burnt.  Being  more 
fortunate  than  Crookes  in  having  considerable  material  at  his  disposal,  Lamy 
was  able  very  quickly  to  establish  the  metallic  nature  of  thallium  and  to 
exhibit  a  lump  of  the  metal  in  May  1862 ;  and  before  the  end  of  the  year  he 
was  able  to  isolate  several  hundred  grams  of  thallium  and  give  a  fairly 
complete  account  of  the  physical  and  chemical  properties  of  the  element. 
He  showed  that  thallium  forms  more  than  one  series  of  compounds,  and  that 
one  series  closely  resembles  the  corresponding  series  of  compounds  of  the 
alkali  metals.  Further,  he  found  that  in  this  series  of  compounds  the 
equivalent  of  thallium  is  about  204,  and  (with  the  assistance  of  Kegnault) 
showed  by  the  application  of  Dulong  and  Petit’s  Law  that  this  number  also 
represents  the  atomic  weight  of  thallium.  During  the  same  year  Kuhlmann 
prepared  a  number  of  organic  thallium  salts,  and  de  la  Provostaye  indicated 
the  isomorphism  of  several  of  them  with  the  corresponding  salts  of  potassium.^ 
During  the  next  few  years  a  considerable  amount  of  work  on  thallium  was 
published,  notably  by  Crookes,  Lamy,  Descloizeaux,  Kuhlmann,  Werther, 
Bottger,  Nickles,  Willm,  and  Carstanjen.^ 

At  the  time  when  thallium  was  discovered,  the  Periodic  Classification  had 
not  been  formulated,  and  it  proved  a  difficult  matter  to  place  thallium  in 
the  classification  generally  accepted  at  that  period  for  the  metals.  A  number 
of  thallous  compounds  were  observed  to  resemble  closely  the  corresponding 
compounds  of  lead  in  their  physical  properties ;  and  even  more  remarkable  was 
the  resemblance  between  the  actual  elements  themselves,  lead  and  thallium. 
Other  thallous  salts,  however,  were  observed  to  be  isomorphous  with,  and 
to  resemble  quite  closely,  the  corresponding  salts  of  potassium.  Moreover, 


1  Crookes,  Ghem.  News,  1861,  3,  193,  303  ;  Phil.  Mag.,  1861,  [iv.],  21,  301. 

®  Lamy,  Soc.  Impiriale  des  Sciences  de  Lille,  May  16,  June  20,  Aug.  1,  Sept.  5,  Nov.  7, 
1862;  Compt.  rend.,  1862,  54,  1255  ;  55,  836  ;  Ann.  Ghim.  Phys.,  1863,  [iii.],  67,  385  ; 
Kegnault,  Compt.  rend.,  1862,  55,  887;  Ann.  Ghim.  Phys.,  1863,  [iii.],  67,  427  ;  Kuhlmann, 
Gompt.  rend.,  1862,  55,  607  ;  1863,  56,  171  ;  Ann.  Ghim.  Phys.,  1863,  [iii.],  67,  428,  431  ; 
de  la  Provostaye,  Compt.  rend.,  1862,  55,  610. 

3  Crookes,  Ghem.  News,  1862,  6,  1  ;  1863,  7,  109,  133,  145,  194,  218,  290  ;  8,  159,  195, 
219,  231,  243,  255,  279;  1864,  9,  1,  37,  54;  1867,  1$,  204;  Phil.  Mag.,  1863,  26,  55; 
Proc.  Boy.  Soc.,  1862-63,  12,  150  ;  Crookes  and  Church,  Ghem.  News,  1863,  8,  1  ;  Lamy, 
Ann.  Ghim.  Phys.,  1864,  [iv.],  3,  373  ;  1865,  [iv.],  5,  410  ;_Lamy  and  Descloizeaux,  ihid., 
1869,  [iv.],  17,  310;  Kuhlmann,  Bull.  Soc.  chim.,  1864,  [ii.],  i,  330;  3,  57  ;  Werther,  J. 
praht.  Ghem.,  1863,  89,  189  ;  1864,  91,  385  ;  92, 128,  351  ;  93,  393  ;  'Qoiige.r,  Annalen,  1863, 
126,  266  ;  127,  368  ;  128,  240,  248  ;  Nickles,  Compt.  rend.,  1864,  58,  132,  537  ,  J.  Pharm. 
Ghim.,  1866,  [iv.],  4,  127;  Willm,  Ann.  Chim.  Phys.,  1865,  [iv.],  5,  5;  Carstanjen,  J. 
prakt.  Ghem.,  1867,  lOi,  55 ;  102,  65,  129. 
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the  spectrum  of  thallium  was  extremely  simple  and  very  easy  to  observe, 
resembling  in  this  respect  the  spectra  of  sodium,  potassium,  and  the  then 
newly  discovered  elements  rubidium  and  caesium.  It  is  therefore  not  surpris¬ 
ing  that  Dumas  should  have  reported  to  the  French  Academy  that  “le 
thallium  offre  une  reunion  do  proprietds  contradictoires  qui  autoriserait  a 
I’appeler  le  metal  paradoxal,  I’ornithorynque  des  m4taux.”i 

To  classify  thallium  with  the  alkali  metals  is  clearly  unsatisfactory,  since 
the  element  itself  is  decidedly  different  in  properties  from  sodium,  potassium, 
etc.,  and,  moreover,  it  forms  a  series  of  salts  in  which  it  is  tervalent;  to 
classify  it  with  lead  is  worse,  since  the  only  analogies  between  lead  and 
thallium  salts  are  physical  analogies  between  salts  of  univalent  thallium  and 
bivalent  lead.  AVith  the  publication  of  the  Periodic  Classification,  Mendeleeff 
pointed  out  that  thallium  should  really  be  classified  with  aluminium  and 
indium,  and  made  out  a  very  good  case  for  this  contention. ^  Pmcalling  the 
fact  that  when  the  elements  are  arranged  in  the  increasing  order  of  their 
atomic  weights,  aluminium  comes  between  magnesium  in  Group  II.  and  silicon 
in  Group  IV.,  while  thallium  comes  between  mercury  in  Group  II.  and  lead  in 
Group  lY.,  the  case  may  be  stated  almost  exactly  as  it  was  given  by  Mendel4efF. 
Only  the  highest  oxide  of  mercury  shows  any  analogy  with  magnesium  oxide ; 
only  the  highest  oxide  of  lead  shows  any  analogy  with  silica.  In  the  same 
way,  only  the  highest  oxide  of  thallium  shows  any  analogy  with  alumina. 
Magnesium  and  mercuric  oxides  are  basic  oxides  and  give  rise  to  salts  of  the 
type  MXg ;  aluminium  and  -thallic  oxides  are  more  feeble  bases  and  give  rise 
to  salts  of  the  type  MXg ;  silicic  and  plumbic  oxides  are  feeble  acidic  oxides. 
Thallium  gives,  independently  of  thallic  oxide,  a  lower  oxide  which  is  a 
powerful  base ;  aluminium  forms  no  lower  basic  oxide.  Strictly  analogous  is 
the  existence  of  basic  oxides  of  mercury  and  lead  low'er  than  mercuric  and 
plumbic  oxides,  and  the  non-existence  of  lower  oxides  of  magnesium  and 
silicon.  The  higher  oxides  of  the  formulae  HgO,  TljOg,  PbO„  and  BbOg  are 
peroxides  relatively  to  the  lower  oxides  of  the  formulae  HggO,  Tl.,0,  PbO,  and 
BigOg,  and  give  off  oxygen  when  heated.  The  higher  chloride  of  mercury  is 
stable,  that  of  thallium  unstable,  the  tetrachloride  of  lead  very  unstable,  and 
pentachloride  of  bismuth  non-existent.  Bismuth  trichloride  is  decomposed 
by  water,  and  lead  (di)chloride  when  heated  in  steam,  but  thallous  chloride  is 
stable.  Thallium  is  less  volatile  than  mercury  but  more  so  than  lead.  The 
similarity  between  thallous  and  alkali  salts  is  no  more  remarkable  than  that 
between  the  plumbous  salts  and  the  salts  of  the  alkaline-earth  metals,  or  that 
between  bismuth  salts  and  the  salts  of  certain  elements  of  Group  III.  (see 
p.  234).  There  is,  then,  no  more  difficulty  in  placing  thallium  in  Group  III. 
than  there  is  in  placing  mercury  in  Group  II.,  lead  in  Group  IV.,  or  bismuth 
in  Group  V. 

Preparation. — The  best  source  of  thallium  is  thalliferous  iron  pyrites. 
All  deposits  of  pyrites  do  not  contain  thalliiim  in  appreciable  quantity.  Lamy 
mentions  the  Belgian  pyrites  from  Theux,  Namui’,  and  Philippeville  and 
certain  Spanish  pyrites  as  being  particularly  rich  in  thallium. 

Methods  for  extracting  thallium  from  thalliferous  pyrites  have  been 
described,  but  are  rarely,  if  ever,  used.  Thallium  is  best  obtained  from  the 

^  Dumas,  Pelouze,  and  Deville,  Report  to  the  French  Academy,  Compt.  rend.,  1862,  55, 
866  ;  Ann.  Chim.  Phys.,  1863,  [iii.],  67,  418, 

Mendeleett’,  Annalen  SuppL,  1872,  8, 133;  or  Chem.  Neics,  1879,  40,  231j  etc.;  1880, 
41,  2,  etc.  ;  cf.  Otto,  J.  prakt.  Chem.,  1867,  I02,  185  ;  Erdmann,  ibid.,  1863,  89,  381  ; 
Rammelsberg,  Ber.,  1870,  3,  276. 
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flue  dust  or  chamber  deposits  from  sulphuric  acid  works  in  which  thalli- 
ferous  pyrites  is  burnt. 

Flue  dust,  which  contains  thallium,  lead,  arsenic,  selenium,  etc.,  is  re¬ 
peatedly  boiled  with  water  slightly  acidified  with  sulphuric  acid.^  The 
filtered  solution  is  concentrated  and  the  thallium  precipitated  by  intro¬ 
ducing  metallic  zinc  into  the  solution.  Thallium  is  thereby  precipitated  in 
the.  form  of  needles  or  glittering  plates.  Alternative  procedures  are  to  pre¬ 
cipitate  the  thallium  as  thallous  chloride  by  adding  a  soluble  chloride, 
or  as  thallous  sulphide  by  adding  sodium  carbonate,  filtering  from  pre¬ 
cipitated  impurities,  adding  potassium  cyanide,  and  then  saturating  with 
hydrogen  sulphide. 

Lead  chamber  deposit  ^  is  neutralised  with  lead  oxide  or  lime  and  extracted 
with  hot  watej.  The  solution  is  filtered  and  concentrated,  and  the  thallium 
precipitated  as  metal,  chloride,  or  sulphide  as  described  above. 

The  zinc  sulphate  mother  liquors  obtained  from  a  white  vitriol  factory 
at  Goslar  in  the  Harz  were  found  by  Bunsen®  to  yield  0-05  per  cent,  of  their 
weight  of  thallous  chloride.  The  thallium  in  such  a  solution  may  be  precipi¬ 
tated  by  means  of  zinc,  the  deposit,  containing  a  little  cadmium  and  copper, 
treated  with  dilute  sulphuric  acid  to  dissolve  the  thallium  and  cadmium,  and 
the  thallium  precipitated  as  thallous  iodide  from  the  filtered  solution. 

The  crude  metallic  thallium  is  purified*  by  converting  it  into  thallous 
sulphate  and  treating  the  slightly  acid  solution  with  hydrogen  sulphide  to 
eliminate  traces  of  mercimy,  silver,  arsenic,  antimony,  and  bismuth.  The 
filtered  solution  is  treated  with  ammonia  to  remove  traces  of  iron  and 
aluminium,  and  the  filtrate  concentrated  until  thallous  sulphate  crystallises 
out.  Crude  thallous  chloride  is  slowly  added  to  hot,  concentrated  sulphuric 
acid  and  the  mass  heated  until  all  hydrochloric  acid  is  expelled.  The 
solution  is,  as  in  the  preceding  case,  purified  by  successive  hydrogen  sulphide 
and  ammonia  treatments,  and  thallous  sulphate  then  crystallised  from  the 
solution.  A  similar  method  of  treatment  may  be  applied  to  crude  thallous 
sulphide.  From  the  pure  thallous  sulphate,  thallium  is  most  conveniently 
obtained  in  a  state  of  purity  by  electrolysis,  as  described  by  Foerster.®  From 
pure  thallous  iodide  (chloride  or  bromide),  thallium  maybe  prepared  by  fusion 
with  potassium  cyanide  and  sodium  carbonate  (Werther).  Thallium  may  be 
also  prepared  by  heating  thallous  oxalate  in  a  covered  crucible  (Willm). 

Properties. — Thallium  is  a  bluish-white  metal.  It  is  so  soft  that  it  can 
be  scratched  with  the  finger-nail  and  cut  with  a  knife.  When  freshly  cut  it 
exhibits  a  bright  metallic  lustre.  The  metal  is  extremely  malleable,  but  has 
little  tenacity.  Its  structure  is  crystalline,  and  when  a  bar  of  thallium  is 
bent  it  emits  a  sound  resembling  the  “  cry  of  tin.”  Thallium  exists  in  two 


'  Crookes,  Ghem.  News,  1863,  8,  159  ;  Bottger,  Annalen,  1863,  126,  266  ;  128,  248  ; 
Carstanjen,  ibid.,  1867,  lOl,  55  ;  102,  65,  129  ;  Sehaffner,  Niiigl.  poly.  J.,  1872,  205,  65  ; 
Sitzicngsber.  K.  Akad.  Wiss.  Wien,  1871,  63,  176;  Gunning,  Bull.  Soc.  chim.,  1868,  [iL], 
10,  359  ;  Arch.  Nierland,  1868,  3,  86  ;  Nietzki,  Arch.  Pharm.,  1875,  [iii.],  7,  885  ;  Bingl. 
poly.  J.,  1876,  219,  262  ;  Stolba,  them.  Soc.  Abst,  1874,  27,  873  ;  Krause,  Bingl.  poly.  J., 
1875,  217,  323  ;  Werther,  J.  prakt.  Chem.,  1864,  91,  385  ;  92,  128,  351  ;  Wohler,  Annalen, 
1867,  142,  263  ;  1872,  164,  74;  Foerster,  Zeitsch.  anorg.  Ch&m.,  1897,  15,  71. 

^  Lamy,  Ann.  Chim,  Phys.,  1863,  [iii.],  67,  385. 

®  Bunsen,  Annalen,  1866,  133,  108;  Schumann,  ibid.,  1888,  249,  340;  Bartlett,  J, 
Soc.  Ghem.  Ind.,  1889,  8,  896. 

*  On  the  preparation  of  pure  thallium,  see  Crookes,  Phil,  Trans.,  1873,  163,  277  ; 
Ghem.  News,  1874,  29,  14,  etc. 

®  Foerster,  Zeitsch.  anorg.  Ghem.,  1897,  i5j  71. 
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modifications  which  are  enantiotropic  j  the  transition-point  is  226  C.,  and  is 
lowered  6°  for  an  increase  of  pressure  of  3000  kilos,  per  sq.  cm.  Accordingly, 
as  the  temperature  is  raised  through  226°  a  contraction  in  Amlume  occurs, 
amounting  to  0'000044  c.c.  per  gram.^  The  density  of  thallium  is  11'85 
at  20°  C.,^  the  coefficient  of  expansion  (0°  to  100°)  is  0’00003135,®  and  the 
compressibility  coefficient  is  2 '33  x  10“®  per  atmosphere.^ 

Thallium  melts  at  302°  ±1°  C.,®  the  volume  increasing  by  3T  per  cent, 
during  the  change.®  The  latent  heat  of  fusion  is  7'2  cals,  per  gram.^  In 
vacuo,  thallium  commences  to  volatilise  at  174°,  and  boils  at  818  under  a 
pressure  of  15  cm.  of  its  own  vapour.®  It  is  said  to  boil  at  1515°  under 
normal  pressure;®  von  Wartenherg,  hoAvever,  gives  the  following  values  for 
the  vapour  pressure  of  thallium  : — 

Temperature,  °C.  .  .  634°  783°  970°  0.^ 

Vapour  pressure  .  .  .  0'056  1’329  24'31  mm.  of  Hg 

and  estimates  the  boiling-point  to  he  1306°.^®  The  mean  specific  heat  of 
thallium  between  20°  and  100°  is  given  as  0'0325,  0'0336,  and  0'0326  by 
Lamy,  Regnault,  and  Schmitz  respectively;  between  — 188°  and  -t-20°  the 
mean  value  is  given  as  0‘0300  by  Schmitz  and  0'0296  by  Richards  and 
Jackson. The  specific  heat  is  0'0277  at  -  177’3°  and  0’0143  at  —  250*1° 

The  electrical  conductivity  (o*)  of  thallium  (in  reciprocal  ohms  per  cm. 
cube)  at  various  temperatures  is  as  follows  :- — 

Temperature,  °C.  -180°  -80°  —40°  0°  -f20°  -1-60°  -t-100° 

o-.lO^  20'11  8;54  6;83  5*67  5-28  4*54  4*04 

The  specific  refraction  of  thallium  in  its  salts  is  (Gladstone  and  Dale’s  formula ; 
Ha  line)  0'106,  and  the  atomic  refraction  is  therefore  21‘6.i*  Thallium  and  its 
compounds  are  diamagnetic  (Lamy),  the  magnetic  susceptibility  of  thallium 
at  the  laboratory  temperature  being  -  2-9  x  10“®  c.g.s.  electromagnetic  units 
per  unit  volume,  i® 

In  appearance,  hardness,  elasticity,  density,  fusibility,  specific  heat,  and 
electrical  conductivity  it  will  be  noticed  that  thallium  closely  resembles  lead. 
The  electromotive  behaviour  of  thallium  is  discussed  later  (p.  173). 


1  M.  Werner,  Zeitsch.  anorg.  Ghem.,  1913,  83,  275  ;  cf.  Levin,  ibid.,  1905,  45,  31 ; 
Williams,  ibid.,  1906,  50,  127. 

Richards  and  Wilson,  Carnegie  Institution  Publications,  Washington,  1909,  No.  118  ; 
Zeitsch.  physikal.  Ghem.,  1910,  72,  129. 

2  Fizeau,  Compt,  rend.,  1869,  68,  1125. 

Richards  and  others,  J.  Amer.  Ghem.  Soc.,  1909,  31,  154  ;  1915,  37,  1643. 

®  Heycock  and  Neville,  Trans.  Ghem.  Soc.,  1894,  65,  31  ;  Petrenko,  Zeitsch.  anorg. 
Ghem.,  1906,  50,  133  ;  see  Burgess,  J.  Washington  Acad.  Sci.,  1911,  i,  16;  Ghem.  News, 
1911,  104, 165. 

^  Toepler,  Wied.  Annalen,  1894,  53,  343  ;  Pacher,  Nuovo  Cimento,  1895,  [iv.],  2,  143. 

^  Robertson,  Trans.  Ghem.  Soc.,  1902,  81,  1233  ;  cf.  Heycock  and  Neville,  loc.  eit. 

®  Krafft  and  Knoche,  Ber.,  1909,  42,  202. 

®  Issac  and  Tamniann,  Zeitsch.  anorg.  Ghem.,  1907,  55,  58. 

von  Wartenherg,  Zeitsch.  Elehtrochem. ,  1913,  19,  482;  cf.  K'rafi’t  and  Knoche,  loc.  cit. 
“  Lamy,  loc.  cit.  (p.  165) ;  Regnault,  loc.  cit.  (p.  165)  ;  Schmitz,  Proc.  Roy.  Soc.,  1903, 
72,  177  ;  Richards  and  Jackson,  Zeitsch.  physikal.  Ghem.,  1910,  70,  414. 

Nernst  and  Schwers,  Sitzung.sber.  K.  Akad.  Wiss.  Berlin,  1914,  p.  355. 

Interpolated  from  the  data  of  Dewar  and  Fleming,  Phil.  Mag.,  1893,  [v.],  36,  271  ;  and 
Dickson,  ibid.,  1898,  [v.],  45,  525  ;  cf.  de  la  Rive,  Compt.  rend.,  1863,  56,  588  ;  Matthiessen 
and  Vogt,  Phil.  Mag.,  1863,  [iv.],  26,  542  ;  Pogg.  Annalen,  1863,  118,  431. 

“  Gladstone,  Proc.  Roy.  Soc.,  1897,  60,  140  ;  cf.  Valson,  Compt.  rend.,  1873,  76,  224. 
Honda,  An7i.  Physik,  1910,  32,  1027  ;  Owen,  ibid.,  1912,  [iv.],  37,  657. 
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The  flame,  arc,  and  sparTc  spectra  of  thallium  are  characterised  in  the 
visible  region  by  the  green  ray  X  .53-50'7,  the  observation  of  which  led  to  the 
discovery  of  the  element  by  Crookes.^  The  most  intense  lines  in  the  arc 
and  spark  spectra  are  the  following  (Exner  and  Haschek)  : —  ^ 

arc:  27(W*33,  2767‘96,  2gi8'^2,  2921‘66,  3229’89,  35i9’37j  3529*53, 

spark:  3619-37,  3529-63,  3775-89,  5350-70. 

The.  most  persistent  lines  in  the  spark  spectrum,  and  therefore  the  lines  that 
should  be  looked  for  when  seeking  traces  of  thallium,  are  (Exner  and  Haschek’s 
wave-lengths)  2298-26,  2530-94,  2768-00,*  3091-88,  3519-35,-*^  3775-89,*  and 
5350-69,*  those  asterisked  being  the  most  sensitive.® 

Commercial  thallium,  when  spectroscopically  examined,  is  found  to  con¬ 
tain  traces  of  lead,  tin,  copper,  and  aluminium.-^ 

Thallium  does  not  unite  with  hydrogen.®  With  each  of  the  halogens 
it  combines  directly.  When  heated  in  oxygen,  thallium  is  converted  into 
thallous  or  thallic  oxide,  according  to  circumstances.  Ozone  readily  attacks 
it  at  ordinary  temperature,  producing  thallic  oxide.®  Thallium  oxidises  in 
air,  slowly  at  the  ordinary  temperature,  rapidly  at  100°.  The  oxidation  also 
occurs  under  water  containing  dissolved  air,  so  that  thallium  is  best  preserved 
under  air-free  water  or  glycerol.  At  a  red  heat,  thallium  decomposes  water. 
Thallium  combines  directly  with  sulphur,  selenium,  tellurium,  phosphorus, 
arsenic,  and  antimony,  but  not  with  carbon,  silicon,  and  boron.  It  is  unacted 
upon  by  carbon  dioxide  at  300°.  Thallium  is  insoluble  in  liquid  ammonia.^ 
Thallium  dissolves  in  mineral  acids  with  the  formation  of  thallous  salts. 
The  action  is  very  slow  with  hydrochloric  acid,  quicker  with  sulphuric  acid, 
and  rapid  with  nitric  acid.  Except  in  the  cases  of  nitric  and  concentrated 
sulphuric  acids,  hydrogen  is  evolved.  Thallium  reduces  potassium  perman¬ 
ganate  at  the  ordinary  temperature. 

In  accordance  with  its  position  in  the  electromotive  series  (p.  173), 
thallium  readily  displaces  gold,  silver,  mercury,  copper,  and  lead  from  aqueous 
solutions  of  their  salts. 

Thallium  is  employed  in  the  manufacture  of  certain  kinds  of  optical  glass 
of  high  refractive  index,  since  the  salts  of  thallium  are  characterised  by  their 
umisually  high  refracting  power.® 

Atomic  and  Molecular  Weights. — The  atomic  weight  of  thallium  is 
equal  to  its  combining  weight  in  thallous  salts,  or  three  times  its  combining 
weight  in  thallic  salts.  This  follows  from  the  isomorphism  of  (i.)  numerous 


1  The  green  ray  is  really  a  triplet  (Fabry  and  Perot,  Ann.  Chiin.  Phys.,  1899,  [vii.], 
16,  116). 

®  Kayser,  Handhuch  der  SpeTctroskopie  (Leipzig,  1900-12),  vol.  vi.  p.  709,  where  a 
bibliography  will  be  found;  Exner  and  Haschek,  Die  Spehtren  der  Elemente  lei  normalem 
Druck  (Leipzig  and  Wien,  1911);  Huppers,  Zeitsch.  wiss.  Photoehem.,  1913,  13,  46  (arc). 

®  Hartley,  Phil.  Trans.,  1884,  175,  i.  328  ;  de  Gramont,  Compt.  rend.,  1907,  144, 
1101  ;  1910,  151,  308  ;  1914,  159,  5;  Hartley  and  Moss,  Proc.  Roy.  Soc.,  1912,  A,  87,  38. 
For  the  vacuum  tube  spectrum  of  thallium,  see  Pollok,  Sci.  Proc.  Roy.  Dull.  Soc.,  1912, 
13,  202. 

^  Pollok,  Sci.  Proc.  Roy.  Dull,  Soc.,  1909,  ii,  338. 

®  Troost  and  Hautefeuille,  Ajin.  Chivi.  Phys.,  1874,  [v.],  2,  279. 

®  Schbnbein,  J.prakt.  Chem.,  1864,  93,  35. 

Seely,  Chem.  News,  1871,  23,  169. 

®  hwaj,  Bull.  Soc.  chim.,  1866,  [ii.],  5,  164  ;  Schrbtter,  J,  prakt.  Chem.,  1867,  lOi, 
319  ;  see  also  pp.  189,  190,  192,  200. 
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thallous,  potassium,  rubidium,  and  ceesium  salts;  (ii.)  various  double  thallic 
halides  with  the  corresponding  indium  salts  (p.  6).  It  is,  moreover,  in 
harmony  with  Dulong  and  Petit’s  Law. 

The  atomic  weight  of  thallium  ^  has  been  determined  with  great  care 
by  Crookes,^  who  effected  the  synthesis  of  thallous  nitrate.  As  the  mean  of 
ten  extremely  concordant  experiments,  he  obtained  the  following  result 
(0  =  16-000;  N  =  14-008) 

T1 :  TlNOg  : :  100  : 130-3910  .-.  T1  =  204-034.* 

The  determinations  of  Lepierre  ^  may  be  looked  upon  as  yielding  corrobora¬ 
tive  evidence  in  favour  of  Crookes’s  value,  the  results  ranging  from  204-021 
to  204-300  for  the  atomic  weight,  and  being  derived  from  the  analyses  of 
thallous  sulphate,  thallous  nitrate,  and  thallic  oxide.^  The  value  at  present 
accepted  for  the  atomic  weight  of  thallium  is  T1  =  204*0. 

According  to  Biltz  and  Meyer,  thallium  vapour  at  about  1700°  is  diatomic. 
Their  results,  however,  are  unreliable,  since  thallium  attacks  porcelain,  of 
which  their  apparatus  was  made,  and  von  Wartenberg  has  found,  by  using  an 
iridium  bulb  in  a  Victor  Meyer  vapour  density  apparatus,  that  thallium 
vapour  is  essentially  monatomic,  the  molecular  weight  being  about  220.^ 
In  dilute  solution  in  mercury,  the  molecule  of  thallium  is  monatomic,  as 
has  been  shown  by  the  vapour-pressure  determinations  of  Ramsay  and  of 
Tammann,  and  the  E.M.F.  measurements  of  Richards  and  Wilson.®  Moreover, 
it  is  monatomic  in  dilute  solution  in  tin,  bismuth,  cadmium,  zinc,  and  sodium, 
as  the  experimental  and  calculated  values  for  the  depression  of  the  freezing- 
point  of  the  solvent  show  : — 


Solvent. 

Depression  of 
Freezing-point. 

Found. 

Calculated. 

Tin  ...  . 

2-9° 

3-1° 

Bismuth 

2-0° 

2-2° 

Cadmium 

4  5" 

4-6° 

Zinc  .... 

5-0° 

5-2° 

Sodium  .... 

4-2° 

4.4° 

1  See  Clarke,  A  Recalculation  of  the  Atomic  W eights,  3rd  ed.  ( “  Smithsonian  Miscellaneous 
Collections,”  vol.  54,  No.  3,  1910),  p.  273. 

2  Crookes,  Phil.  Trans.,  1873,  163,  277  ;  Chem.  News,  1874,  29,  14,  etc. 

3  Lepierre,  Bull.  Soc.  chim,,  1893,  [iii.],  9,  166;  1894,  [iii],  ii,  423;  Compt.  rend., 
1893,  116,  580. 

For  other  determinations,  see  Lamy,  Ann.  Chim.  Phys.,  1863,  [iii.],  67,  410  ;  Hebber- 
ling,  Annalen,  1865,  134,  11;  Werther,  J.  prakt.  Chem.,  1864,  92,  128,  351  ;  Wells  and 
Penfield,  Amer.  J.  Sci.,  1894,  [iii.],  47,  466. 

®  H.  Biltz  and  V.  Meyer,  Bcr.,  1889,  22,  725  ;  H.  Biltz,  Zeitsch.  physikal.  Chem.,  1896, 
19,  385  ;  von  Wartenberg,  Zeitsch.  anorg.  Chem.,  1907,  56,  320. 

«  Ramsay,  Trans.  Chem.  Soc.,  1889,  55,  521  ;  TMnm&nn,  Zeitsch.  phtjsikal.  Chem.,  1889, 
3,  441  ;  Richards  and  Wilson,  ibid.,  1910,  72,  129  ;  Carnegie  Institution  Publications,  1909, 
No.  118.  It  is  more  correct  to  say  that  the  molecules  TlHgx  exist  in  a  dilute  solution 
of  thallium  in  mercury  (J.  Hildebrand,  J.  Amer.  Chem.  Soc.,  1913,  35,  501;  J.  Hildebrand 
and  E.  D.  Eastman,  ibid.,  1915,  37,  2152  ;  MThail  Smith,  ibid.,  1914,  36,  847  ;  Beckmann 
and  Liesche,  Zeitsch.  anorg.  Chem.,  1914,  89,  171). 

^  Heycock  and  Neville,  Trans.  Chem.  Soc.,  1889,  55,  666  ;  1890,  57,  376;  1892,  61, 
888 ;  1897,  71,  383.  The  experimental  numbers  represent  the  depression  produced  by 
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COMPOUNDS  OF  THALLIUM. 

General.  —  Thallium  forms  two  series  of  salts ;  thallous  salts  (TlX’'), 
derived  from  the  powerfully  basic  oxide  thallous  oxide  (TlgO) ;  and  thallic 
salts  (TlXg),  derived  from  the  weakly  basic  oxide  thallic  oxide  (Tl20g).  All 
the  salts  of  thallium  are  poisonous,  producing  symptoms  like  those  of  lead 
poisoning.  1 

Thallous  compounds  and  the  compounds  of  the  alkali  metals  have  many 
points  of  similarity.  The  salts  derived  from  colourless  acids  are  generally 
colourless,  and  those  which  are  soluble  in  water  crystallise  readily,  usually 
as  anhydrous  salts.  They  are  volatile  at  a  red  heat.  Many  soluble  thallous 
salts  are  isomorphous  with  the  corresponding  salts  of  ammonium,  potassium, 
or  rubidium,  a  fact  that  was  early  recognised.^  Thallous  hydroxide  is  a 
strong  base.  It  is  readily  soluble  in  water,  forming  a  solution  which  readily 
absorbs  carbon  dioxide,  is  soapy  to  the  touch  and  alkaline  in  reaction. 

Both  in  appearance  and  in  solubility,  a  number  of  sparingly  soluble 
thallous  salts  (chloride,  bromide,  iodide,  sulphide,  chromate,  etc.)  closely 
resemble  the  corresponding  salts  of  lead. 

In  aqueous  solution  the  thallous  salts  are  ionised  to  approximately  the 
same  extent  as  the  corresponding  salts  of  the  alkali  metals.  The  following 
values  for  the  percentage  dissociation  at  18°  are  given  by  A.  A.  Noyes  and 
Falk;— 8 


Normality. 

•001 

•002 

•001 

0-01 

0-02 

0-05 

0-1 

0-2 

TlCl 

97-6 

96-5 

94-2 

91-5 

TIF 

96-1 

93-6 

90 -8 

86-5 

,  ,  , 

f  •• 

TINO3  . 

97-7 

96-7 

94-8 

92^6 

84-3 

78-8 

.  .  . 

TI2SO4  . 

94*8 

92-4 

88^2 

83-7 

78-0 

69-4 

62-5 

56-1 

1  gram-atom  of  thallium  in  100  gram-atoms  of  solvent ;  the  calculated  numbers  are  those 
derived  from  Van’t  Hoff’s  formula  (Vol.  I.  p.  146)  for  1  gram-molecule  of  solute  in  100  grams 
of  solvent,  and  calculated,  to  100  gram-atoms  of  solvent.  For  sodium,  E.  Griffiths’  value  for 
the  latent  heat  of  fusion  of  sodium,  27 '6  cals,  per  gram,  was  used  (Griffiths,  Proc.  Eoy. 
Soc.,  1914,  A,  89,  561). 

1  Lamy,  Com^^t.  rend.,  1863,  57,  442;  Paulet,  ihid.,  1863,  57,  494  ;  Blake,  ibid.,  1890, 
III,  67  ;  Curci,  them.  Zentr.,  1895,  p.  838  ;  1898,  p.  120. 

2  The  literature  on  tlie  isomorphism  of  thallium  salts  is  very  extensive.  See  de  la  Provo- 
staye,  Compt.  rend.,  1862,  55,  610  ;  von  Lang,  Phil.  Mag.,  1863,  [iv.],  25,  248;  Miller, 
Proc.  Eoy.  Soc.,  1865,  14,  555  ;  Werther,  J.  praU.  Chem.,  1864,  92,  135;  Willm,  Ann. 
Chim.  Phys.,  1865,  [iv.],  5,  5;  Lamy  and  Descloizeaux,  ibid.,  1869,  [iv.],  17,  310  ;  Koscoe, 

J.  Chem.  Soc.,  1866,  19,  504  ;  Rammelsberg,  Per.,  1870,  3,  276  ;  Pogg.  Annalen,  1872, 
146,  592  ;  Schroder,  Ber.,  1874,  7,  676  ;  Fock,  Zeitsch.  Kryst.  Min.,  1880,  4,  583  ;  1882,  6, 
160  ;  1888,  14,  340  ;  1897,  28,  337  ;  Wyrouboff,  Bull.  Soc.  fran(;.  Min.,  1882,  5,  32  ;  1884, 
7,  139;  Dufet,  Compt.  rend.,  1884,  99,  867  ;  Soret,  ibid.,  1884,99,990;  Lepierro  and 
Lachaud,  ibid.,  1891,  113,  196  ;  Retgers,  Zeitsch.  physihal.  Chem.,  1889,  4,  623  ;  1891,  8, 
13  ;  Roozeboom,  ibid.,  1891,  8,  513  ;  Van  Eyk,  ibid.,  1899,  30,  430  ;  1905,  51,  721  ;  Proc. 

K.  Akad.  Wetensch.,  1899,  i,  229  ;  Gossner,  Zeitsch.  Kryst.  Min.,  1903,  38,  110  ;  Storten- 
beker,  Eec.  trav.  chim.,  1902,  21,  87  ;  1906,  24,  53;  1907,  26,  248  ;  Wells  and  Penfield, 
Zeitsch.  anorg.  Chem.,  1894,  6,  312  ;  Piccini  and  Fortini,  ibid.,  1902,  31,  451  ;  Noyes  and 
Hapgood,  Cliem.  News,  1893,  74,  217  ;  Tutton,  Proc.  Eoy.  Soc.,  1907,  A,  79,  351  ;  1910,  A, 
83,  211  ;  Wallace,  Zeitsch.  Kryst.  Min.,  1911,  49,  417  ;  Rosenbusch,  iUd.,  1900,  33,  99  ; 
Wallerant,  Bull.  Soc. /rang.  Min.,  1905,  28,  311. 

®  A.  A.  Noyes  and  Falk,  J.  Amer.  Chem.  Soc.,  1912,  34i 
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At  18°  the  ionic  mobility  of  tlie  thallous  ion  is  65'55,'^  and,  adopting 
Kohlrausch’s  value  for  its  temperature-coefficient,  the  ionic  mobility  at 
25°  is  75'48.  The  corresponding  value  for  potassium  is  64'7  at  18°.  The 
transport  number  for  the  thallous  ion  in  dilute  solution  is  0'479  at  25 
The  equivalent  conductivities  at  25°  of  a  number  of  thallous  salts  are 
tabulated  below  : —  ® 


4 

8 

16 

32 

64 

128 

256 

512 

1024 

TIOH  . 

182-0 

200-0 

217'0 

230-0 

238-0 

244-0 

248-0 

248-0 

TIF  . 

115-9 

120-6 

1-23-7 

1-26-2 

128-1 

130-1 

TlCl  . 

... 

139-6 

143-1 

145-1 

TICIO3 

123-6 

127-8 

129-8 

132-1 

134-2 

135-4 

TlClo; 

129-3 

134-0 

137-5 

139-6 

141-9 

143-7 

TlBrOg  . 

... 

122-9 

125-5 

126-3 

128-1 

TIIO,  . 

111-5 

112-0 

TI2S64 

101 -3 

113-1 

122-9 

131-2 

138-3 

143-1 

146-4 

Tl^SjOg 

131-7 

141-9 

151-7 

160-2 

166-7 

170-6 

TbSeOg 

83-0 

94-9 

106  1 

115-2 

123-7 

130-8 

Tl2Se04 

111-2 

120-7 

129-0 

134-7 

138-6 

142-2 

TINO3 

128-7 

133-8 

137-6 

104-1 

142-0 

142-6 

TIH2PO4  . 

96-9 

101-1 

104-0 

106-5 

108-7 

TI2HASO4  . 

70-4 

74-3 

78-3 

81-2 

82-8 

84-2 

85-4 

TI2CO3 

... 

93-5 

107-3 

119-2 

129-9 

137-1 

143-4 

TI2C2O4 

105-0 

118-0 

128-5 

139-0 

147-7 

153-5 

Numerous  investigations  have  been  carried  out  dealing  with  the 
influence  of  other  salts  on  the  solubilities  of  thallous  salts.  The  results 
may  be  briefly  summarised  as  follows.  For  uni-univalent  thallous  salts 
the  changes  of  solubility  caused  by  other  salts  are  in  qualitative  agreement 
with  the  deductions  from  the  ionic  theory  and  the  law  of  chemical  equi¬ 
librium,  and  quantitative  agreement,  though  never  exact,  is  approached 
most  closely  with  the  least  soluble  thallous  salts.  For  unibivalent  thallous 
salts,  the  solubilities  are  affected  by  salts  having  a  common  univalent  ion 
(i.e.  the  thallous  ion)  in  a  similar  manner;  but  the  influences  exerted  by 
other  salts,  having  bivalent  ions  in  common  with  the  thallous  salts,  are  not 
even  in  approximate  agreement  with  theoretical  deductions  unless  it  be 
assumed  that  the  unibivalent  salts  undergo  dissociation  in  two  stages,  e.g. 
Tl2S04^:^=^TT  +  TISO4',  TISO^'^^^TT  +  SO/',  and  that  even  in  dilute  solution 
the  concentrations  of  the  intermediate  ions  are  considerable.^ 

Thallous  hydroxide  is  considerably  less  stable  than  an  alkali  hydroxide 


^  Bates,  J,  Amer.  Chem.  Soc.,  1913,  35,  519  ;  cf.  Kohlrausch,  Zeitsch.  physikal.  Chem., 
1905,  51,  744. 

^  Falk,  J.  Amer.  Chem.  Soc,,  1910,  32,  1555. 

®  Franke,  Zeitsch.  physikal.  Chem.,  1895,  16,  463  ;  see  also  A.  A.  Noyes,  Farrell,  and 
Stewart,  vide  infra-,  Bray  and  Winninglioff.  vide  infra, -,  Hnnt,  J.  Amer.  Chem.  Soc.,  1911, 
33,  1650  ;  Kohlrausch  and  Steinwehr,  Sitzungsber.  K.  Akad,  IViss.  Berlin,  1902,  p.  581  ; 
Kohlrausch  and  Maltby,  ibid.,  1899,  p.  665.  In  the  table,  'i;  =  dilution,  in  litres  per  gram- 
equivalent. 

*  A.  A.  Noyes,  Farrell,  and  Stewart,  J.  Amer.  Chegn.  Soc.,  1911,  33,  1650;  Bray  and 
Winninghoff,  ibid.,  1911,  33,  1663  ;  Bray,  ibid.,  1911,  33,  1673  ;  Harkins,  ibid.,  1911,  33, 
1836;  see  also  Abegg  and  Spencer,  Zeitsch.  anorg.  Chem.,  1905,  46,  406;  A.  A.  Noyes, 
Zeitsch.  physikal.  Chem.,  1890,  6,  241  ;  1892,  9,  603  ;  A.  A.  Noyes  and  Abbot,  ibid.,  1895, 
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as  is  indicated  by  its  relatively  small  heat  of  formation.  It  is  easily 
dehydrated  (even  at  100°)  to  thallous  oxide,  which  has  a  very  small  heat 
of  hydration.  Further,  thallium  is  considerably  less  electropositive  than 
the  alkali  metals.  According  to  the  best  experimental  results  available 
(1916),  the  following  sequence  of  metals  in  the  electromotive  series  is  correct 
^and  indicates  the  position  of  thallium : — 

.  ...  Zn,  Cd,  Fe,  Tl,  Co,  Sn,  Ni,  Pb  .  .  .  . 

Thallium  has  therefore  a  decided  tendency  to  assume  the  ionic  state.  The 
electrode  potential  of  thallium  at  25°  is  — 0'6170  volt  (normal  calomel 
electrode  being  zero).  For  very  dilute  solutions,  the  potential  of  the  thallium 
electrode  varies  with  the  concentration  of  thallous  ion  in  the  liquid 
bathing  it  in  strict  accordance  with  the  Nernst  formula ;  a  slight  deviation 
is  noticeable  when  the  concentration  of  thallium  ion  reaches  OT  normal.^ 
The  accuracy  with  which  the  Nernst  formula  is  capable  of  expressing  the 
results  is  strong  evidence  against  the  hypothesis  of  the  existence  of  subvalent 
thallium  ion  TTg,  which  has  been  supposed  by  Denham  ^  to  exist. 

Thallic  compounds  resemble  the  compounds  of  aluminium  to  a  certain 
extent.  The  thallic  salts  are  in  general  readily  soluble  in  water,  and 
crystallise  with  considerable  amounts  of  water  of  crystallisation.  They  are 
derived  from  a  very  weak  base,  thallic  hydroxide,  which  is  practically  in¬ 
soluble  in  water,  and  which  in  case  of  dehydration  resembles  auric  hydroxide. 
The  thallic  salts  are  therefore  considerably  hydrolysed  by  water,  and  solutions 
of  these  salts  are  only  stable  in  the  presence  of  an  excess  of  acid.  A  solution 
of  thallic  sulphate,  for  example,  containing  a  slight  excess  of  sulphuric  acid, 
gives  a  brown  precipitate  of  thallic  hydroxide  when  diluted  or  warmed. 
Thallic  salts  are  decidedly  unstable,  anhydrous  thallic  chloride,  for  instance, 
losing  chlorine  at  temperatures  below  100°,  and  they  exhibit  a  great  tendency 
to  form  complex  salts.®* 

Thallous  salts  may  be  oxidised  to  thallic  salts  and  vice  versa,  the  former 
conversion  being  not  so  readily  accomplished  as  the  latter.  The  reduction  of 
thallic  to  thallous  salts  may  be  readily  and  quantitatively  effected  by  the 
ordinary  reducing  agents,  and  it  therefore  happens  that  the  addition  of 
ammonium  sulphide  to  a  solution  of  a  thallous  salt  leads  to  the  precipita¬ 
tion  of  thallous  sulphide  and  sulphur.  Further,  potassium  iodide  gives  a 
precipitate  of  thallous  iodide  and  iodine  when  added  to  a  thallic  salt.  Thallic 
salts  are  quantitatively  reduced  to  thallous  salts  by  thallium  itself.  Thallous 
salts  may  be  oxidised  by  potassium  permanganate,  the  reaction  when  effected 
in  the  presence  of  hydrochloric  acid  and  under  certain  conditions  being 
sufficiently  exact  to  be  used  for  the  estimation  of  thallium.  Practically 
complete  oxidation  of  thallous  salts  can  also  be  brought  about  by  chlorine  or 
bromine. 

Thallous  and  thallic  salts  exhibit  to  a  high  degree  the  curious  property  of 
combining  with  each  other  to  form  what  may  be  termed  intermediate  salts, 
such,  for  example,  as  the  chlorides  of  the  composition  Tl2Cl3(TlCl3.3TlCl)  and 


^  G.  N.  Lewis  .and  Van  Ende,  J.  Amer.  Chem.  Soc.,  1910,  32,  732;  cf.  Neumann, 
Zeitsch.  physikal.  Chem.,  1894,  14,  193;  Spencer,  ibid.,  1911,  76,  360;  Abegg  and  Spencer, 
Zeitsch.  anorg.  Chevi.,  1905,  46,  406  ;  Sbukoff,  Ber.,  1905,  38,  2691  ;  Brislee,  Trans, 
Faraday  Soc.,  1909,  4,  159. 

®  Denham,  Trans.  Chem.  Soc.,  1908,  93,  833. 

®  Abegg  and  Spencer,  Zeitsch.  anorg,  Chem,,  1905,  44,  379. 
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T1C12(T1C13.T1C1).  Since  these  salts  usually  resemble  the  thallous  salts  in 
being  sparingly  soluble  in  water,  it  often  happens  that  such  intermediate  salts 
are  produced  during  the  oxidation  of  thallous,  or  the  reduction  of  thallic  salts. 
The  modus  operandi  of  these  processes,  however,  is  not  definitely  known.^ 
Thermochemistry  of  Thallium  Compounds.^— A  number  of  heats 
of  formation,  etc.,  are  given  in  the  following  table : — 


Compound. 

Heat  of 
Formation. 

Heat  of 
Solution. 

TIP . 

Cals. 

+  51-43 

Cals. 

TlCl  ..... 

48-6 

-  io-1 

TlBr . 

41-4 

•  •• 

Til . 

30-2 

TI2O . 

42-2 

-  3-1 

TlOH . 

56-9 

-  3-15 

Tl^S . 

21-7 

TlgSe  (cryst. )  .  .  . 

17-7 

•  •• 

T^Te  (cryst.j 

12-2 

TINO3 . 

58-1 

-10-0 

TI2SO4 . 

221-0 

-  8-3 

TICI3 . 

80-8 

+  8-4 

TlCL.lHoO  .... 

-  21 

TlBra . 

56-5  » 

TlBr3.4H20  .... 

-  2-2 

TII3 . 

10-8  3 

TlClBr2.4H20 

... 

-  2-9 

[TlgOj  +  HgO  =2[T10H]  +  3  25  Cals, 

TlOHaq.  +  HCl.aq.  =  TlOl.aq.  +13-74  „ 

TlOHaq. +  HN03.aq.  =TlNOg.aq.  + 13-70  „ 
TlOHaq.+HF.aq.  =TlF.aq.  +16-4  „ 

TlOHaq.  +  |H2SO^.aq.  =  JTlS04.aq.  +  16-6  „ 

Alloys.^ — Thallium  readily  forms  alloys  with  many  other  metals.  The 


1  See  V.  Thomas,  Ann.  Ghim.  Fhys.,  1907,  [viii.],  ii,  204. 

J.  Thomsen,  Fogg.  Annalen,  1871,  143,  354,  497 ;  J.  prakt,  Chem,,  1875,  [ii.],  12,  98  ; 
1879,  19,  13  ;  1880,  21,  38,  449  ;  Tommasi,  Compt.  rend.,  1884,  98,  812  ;  Petersen,  Zeitsch. 
physikal.  Ohem.,  1889,  4,  384  ;  Fahre,  Ann.  Ghim.  Fhys.,  1887,  [vi.],  10,  472  ;  1888,  [vi.], 
14,  115  ;  Thomas,  ibid.,  1907,  [viii.],  ii,  204. 

®  Including  the  heat  of  solution  of  the  compound. 

*  WithK,  Carstanjen,  J.  prakt.  Ghem.,  1867, 102,  65 ;  Heycock  and  Neville,  Trans.  Chem. 
Soc.,  1889,  55,  666;  Bredig  and  Haber,  Ber.,  1898,  31,  2741  ;  Kurnakow  and  Puschin, 
Zeitsch.  anorg.  Chem.,  1902,  30,  86  ;  with  Na,  vide  preceding  references  and  Tammann, 
Zeitsch.  physikal.  Chem.,  1889,  3,  441 ;  with  Cu,  Carstanjen,  loc.  dt.  ;  Doerinckel,  Zeitsch. 
anorg.  Chem.,  1906,  48,  186  ;  with  Ag,  Heycock  and  Neville,  Trans.  Chem.  Soc.,  1894,  65, 
31 ;  Fhil.  Trans.,  1897,  A,  189,  25  ;  Petrenko,  Zeitsch.  anorg.  Chem.,  1906,  50,  133  ;  with 
Au,  Heycock  and  Neville,  Trans.  Chem.  Soc.,  1894,  65,  31  ;  Osmond  and  Roberts-Austen, 
Fhil.  Trans.,  1896,  A,  187,  417 ;  Roberts-Austen,  ibid.,  1888,  179,  339  ;  Levin,  Zeitsch. 
anorg.  Chem.,  1905,  45,  31 ;  with  Ca,  Donski,  ibid.,  1908,  57,  185  ;  Baar,  ibid.,  1911,  70, 
352;  with  Mg,  Carstanjen,  loc.  dt.  ;  Mellor,  Chem.  News,  1867,  15,  245;  Grube,  Zeitsch. 
anorg.  Chem.,  1906,  46,  76  ;  with  Zn,  Carstanjen,  loc.  dt.  ;  Heycock  and  Neville,  Trans. 
Chem.  Soc.,  1897,  71,  383  ;  Omodei,  Jahresber.,  1892,  p.  153  ;  von  Vegesack,  Zeitsch.  ano7-g. 
Chem.,  1907,  52,  30;  with  Cd,  Carstanjen,  loc.  dt.  ;  Kurnakoff  and  Puschin,  Zeitsch. 
anorg.  Chem.,  1902,  30,  86  ;  with  Hg,  Carstanjen,  loc.  dt.  ;  Regnauld,  Compt.  rend.,  1867, 
64,  611 ;  Humphreys,  Trans.  Chem.  Soc.,  1896,  69,  1679  ;  Puschin,  J.  Buss.  Fhys.  Chem. 
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following  inter-metallic  compounds  have  been  described,  containing  thallium 
and  a  metal  of  Group  I.  or  II.  : — 

NaTl,  m.p.  306°  TlgMgg,  m.p.  413°  CaTlg,  no  m.p. 

KTl,  „  335°  TlMg2,  no  m.p.  CaTl,  m.p.  969° 

Hg2Tl,  „  15°  Tl2Mg3,  „  CagTl,^,  no  m.p. 

Thallium  is  miscible  with  gold,  silver,  and  cadmium,  and  with  silver  forms 
mixed  crystals  containing  0  to  10  per  cent,  of  thallium.  It  is  only  partially 
miscible  with  copper  and  zinc,  and  is  practically  non-miscible  with  aluminium. 

Thallium  readily  dissolves  in  mercury.  A  liquid  amalgam  containing 
8'5  per  cent,  of  thallium  may  be  used  in  thermometers  down  to  -  60°. ^ 

Alloys  of  thallium  and  the  metals  of  Groups  IV.  to  VIII.  in  the  Periodic 
Table  are  mentioned  in  the  corresponding  volumes  of  this  series. 

Thallium  and  the  Fluorine  Group. 

THALLOUS  HALIDES. — Thallous  fluoride,  chloride,  bromide,  and  iodide 
are  all  known.  The  last  three  salts  resemble  the  corresponding  compounds  of 
lead  very  closely  in  appearance  and  in  physical  properties ;  it  has  been  both 
affirmed  and  denied  that  in  the  liquid  state  they  have  the  properties  of  liquid 
crystals.^  The  molten  chloride  and  bromide  have  not  been  obtained 
optically  clear. ^ 

Thallous  chloride,  bromide,  and  iodide  are  miscible  in  the  liquid  state,  and 
the  three  systems  TlCl  —  TlBr,  TlBr  -  Til,  and  TlCl  —  TII  have  been  studied  by 
the  thermal  method.  The  results  show  that  the  first  two  systems  yield  con¬ 
tinuous  series  of  mixed  crystals,  the  “liquidus  ”  curves  exhibiting  minima,  and 
that  the  last  system  forms  an  incomplete  series,  the-  “liquidus”  exhibiting 
a  transition-point.'^ 

Thallous  fluoride,  TIF,  is  prepared  by  dissolving  thallous  hydroxide, 
carbonate,  or  sulphide  in  aqueous  hydrofluoric  acid,  evaporating  to  dryness, 
heating  to  remove  hydrogen  fluoride,  and  crystallising  the  residue  from  water.® 
It  may  also  be  prepared  by  heating  thallous  oxide  or  carbonate  to  dull  redness 
in  a  stream  of  dry  hydrogen  fluoride.®  Thallium  dissolves  slowly  in  aqueous 
hydrofluoric  acid. 

Thallous  fluoride  is  readily  soluble  in  water,  from  which  it  crystallises  in 
colourless,  lustrous,  regular  octahedra.  At  a  red  heat  it  may  be  distilled  in 
a  current  of  hydrogen  fluoride.  It  is  insoluble  in  alcohol  and  in  liquid 
ammonia ;  the  aqueous  solution  has  an  acid  reaction. 

The  monohydrate,  TIF.H2O,  is  said  to  separate  in  monoclinic  crystals 
from  a  solution  of  thallous  carbonate  in  aqueous  hydrofluoric  acid ;  ®  and 


Soc.,  1900,  32,  i.  6-35  ;  Pavlovitscli,  ibid.,  1915,  47,  29;  Kurnakoff  and  Puscliin,  loc,  cit.-, 
Suchini,  Zeitsch.  Elektrochem. ,  1906,  12,  726  ;  T.  W.  Eichards  and  Wilson,  Zeitscli.  pMjsikal. 
Chem.,  1910,  72,  129;  J.  Hildebrand,  J.  Amer.  Chem.  Soc.,  1913,  35,  501;  with  Al, 
Carstanjen,  loc.  cit.  ;  Doerinckel,  loc.  cit. 

1  M'lutosh  and  Johnson,  J.  Amer.  Chem.  Soc.,  1912,  34,  910. 

^  Stoltzenbei’g  and  Hiith,  Zeilscli.  physikal.  Chem.,  1910,  ‘ji,  641  ;  Tubandt  and  E. 
Lorenz,  Festschrift  W.  Nernst,  1912,  p.  446. 

*  R.  Lorenz  and  Eitel,  Zeitsch.  anorg.  Chem.,  1915,  91,  61. 

^  Mbnkemeyer,  Jahrh.  Min.  Beil.,  1906,  22,  1. 

5  Biicbner,  J.  prakt.  Chem.,  1865,  96,  404  ;  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1865, 
[ii.],  52,  644  ;  Ephraim  and  Barteezko,  Zeitsch.  anorg.  Chem.,  1909,  61,  238. 

®  Kuhlmann,  Compt.  rend.,  1864,  58,  1036. 

Gore,  Froc.  Roy.  Soc.,  1873,  21,  140. 

®  Kuhlmann,  loc.  cit.  ;  Willm,  Ann.  Chim.  Rhys.,  1865,  [iv.],  5,  6. 
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thallium  hydrogen  fluoride,  TIF.HF,  crystallises  out  in  regular  octa- 
hedra  when  a  solution  of  thallous  fluoride  in  concentrated  aqueous  hydro¬ 
fluoric  acid  is  evaporated  over  sulphuric  acid.  The  acid  fluoride  is  stable  at 
100°,  but  decomposes  at  higher  temperatures  (Biichner). 

Aluminium  thallous  fluoride,  flAlFg.STlF,  and  numerous  other  double 
fluorides  have  been  prepared.^ 

Thallous  chloride,  TlOl,  may  be  obtained  by  the  action  of  chlorine  on 
thallium.  It  is  prepared  by  adding  hydrochloric  acid  or  a  solution  of  a 
soluble  chloride  to  a  solution  of  a  thallous  salt,  and  forms  a  white,  crystalline 
precipitate. 

Thallous  chloride  is  a  white,  crystalline  solid  of  density  7'02.^  It  melts 
to  a  yellow  liquid  at  426°  C.,®  and  boils  at  708°  to  73T  C.'*  Its  com¬ 
pressibility  coefficient  is  4'8  X  10““  per  atmosphere.®  The  chloride  crystallises 
in  isometric  cubes  and  is  isomorphous  with  potassium  chloride.®  From  830° 
to  1030°  its  vapour  density  is  in  agreement  with  the  molecular  formula  TlCl 
and  the  molecular  formula  is  also  TlCl  in  solution  in  fused  mercuric  chloride.® 

Thallous  chloride  is  slightly  soluble  in  cold,  and  more  readily  soluble  in 
hot  water.  The  solubility,  in  grams  per  litre,  is  as  follows  : —  ® 

Temperature,  °G.  0°  10°  20°  25°  30°  40°  50°  60°  80°  100° 

Grams  of  TlCl  1-7  2-4  3'4  4  0  4-6  6-0  8-0  10-2  16-0  24-1 

The  chloride  is  less  soluble  in  dilute  solutions  of  hydrochloric  acid  and 
alkali  chlorides  than  in  pure  water ;  it  is  insoluble  in  alcohol.  The  influence 
of  various  salts  on  the  solubility  of  thallous  chloride  in  water  at  25°  is 
shown  by  the  following  table  of  results,  due  to  Bray  and  Winninghoff, 
solubilities  being  expressed  in  milli-equivalents  per  litre  : —  i® 


Cone,  of 
Added 
Salt  in 
milli-eqs. 
per  litre. 

Added  Salt. 

HCl. 

KOI. 

BaClj. 

TINO3. 

T1,S04. 

KNO3. 

K2SO4. 

0 

16-07 

16-07 

16  07 

16-07 

16-07 

16-07 

16-07 

20 

10-34 

17-16 

17-79 

25 

8-66 

8-69 

8-98 

8-80 

50 

5-83 

5-90 

6T8 

6-24 

6-77 

18-26 

19-42 

100 

3-83 

3-96 

4-16 

4-22 

4-68 

19-61 

21-37 

200 

2-53 

2-68 

2-82 

300 

... 

... 

23-13 

26-00 

^  Ephraim  and  Bavteczko,  loe.  cit.  ;  and  subsequent  volumes  in  this  series. 

2  Lamy,  Ann.  Chim.  Phys.,  1863,  [iii.],  67,  385;  F.  W.  Clarke,  ^mer.  CTiem.  J., 
1883,  5,  240. 

=>  Monkemeyer,  Jahrb.  Alin.  Beil.,  1906,  22,  1  ;  Carnelley  (Trans.  Chem.  Soc.,  1878, 
33j  273)  gives  427°,  Stoltzenberg  and  Huth  (Zeitsch.  physikal.  Chem.,  1910,  71,  641)  give 
407°,  and  Sandonnini  (Atti  R.  Accad.  Lincei,  1915,  [v.],  24,  i,  616)  gives  429°. 

Carnelley  and  Williams,  Trans.  Chem.  Soc.,  1878,  33,  281, 

®  Richards  and  Jones,  J.  Amer.  Chem.  Soc.,  1909,  31,  158. 

®  Stortenbeker,  Rec.  trav.  chim.,  1905,  24,  53. 

’  Roscoe,  Proa.  Roy.  Soc.,  1878,  27,  426  ;  Ber.,  1878,  ii,  1196. 

®  Beckmann,  Zeitsch.  anorg.  Chem.,  1907,  55,  175. 

»  Earl  of  Berkeley,  Phil.  Trans.,  1904,  A,  203,  208  ;  A.  A.  Noyes,  Zeitsch.  physikal. 
G/im.,.  1892,  9,  603;  Bottger,  ibid.,  1903,  46,  602  ;  Kohlrausch,  ibid.,  1903,  44,  197; 
1904,  50,  355  ;  Hill  and  Simmons,  J.  Amer,  Chem.  Soc.,  1909,  31,  821. 

“  Bray  and  Winninghoff,  J.  Amer.  Chem.  Soc.,  1911,  33,  1663. 
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The  specific  conductivity  of  the  saturated  aqueous  solution  is  1514  x  lO'® 
reciprocal  ohms  per  cm.  cube  at  18°,  and  2176  x  10'®  at  25°  C.^ 

Fused  thallous  chloride  is  miscible  with  many  other  molten  chlorides, 
and  from  a  study  of  the  freezing-point  curves  it  has  been  shown  that  various 
double  chlorides  exist,  a  number  of  which  are  stable  at  the  melting-point. 
The  compounds  at  present  known  containing  thallium  and  the  metals  of 
Groups  I.  and  II.  are  as  follows  : —  ^ 

2AgC1.3TlCl 
TlCLCaCla  (m.p.  683°) 

TlCl.SrClg 
TlC1.2MgCl2 
2TlCl.ZnCl2  (m.p.  352°) 

Thallous  chloride  forms  mixed  crystals  with  the  chlorides  of  potassium, 
rubidium,  zinc,  and  mercury.  The  double  salt  TlCl.HgClg  crystallises  in 
needles,  and  was  originally  prepared  by  Carstanjen,^  who  also  prepared 
thallous  aurichloride,  TlAuCl^. 

Thallous  bromide,  TlBr,  is  prepared  like  the  corresponding  chloride. 
It  is  a  pale  yellow  solid  of  density  7 *  *54,^  and  its  compressibility  coefficient  is 
5'2  X  10“®  per  atmosphere.®  It  crystallises  in  the  isometric  system  in  cubes, 
melts  to  a  brownish-yellow  liquid  at  450°,®  and  boils  at  800°  to  814°.'^  The 
bromide  is  stable  at  high  temperatures.® 

The  solubility  of  thallous  bromide  in  water,  in  grams  per  100  grams  of 
water,  is  as  follows  : —  ® 

Temperature,  °0.  18°  20°  25°  68 ‘5° 

Grams  of  TlBr  0-042  0-048  0-057  0-247 

The  specific  conductivity  of  the  saturated  aqueous  solution  is  192  x  10“® 
reciprocal  ohms  per  cm.  cube  at  18°.^® 

Thallous  iodide,  Til,  is  prepared  like  the  corresponding  chloride  and 
bromide,  and  forms  a  citron-yellow  precipitate  of  density  7-07.^^  The 
crystalline  form  is  orthorhombic.  At  168°  the  yellow  thallous  iodide  is 
converted  into  a  red,  cubic  variety,^^  the  compressibility  of  which  is  6-8  x  10~® 


Tick 2ZnCl2  (m.p.  226°) 
TlCl.CdC]2  (m.p.  436°) 
TlCLHgCL  (m.p.  224°) 
4TlCl.HgCl2 


I  Kohlrausch,  Zeitseh.  physikal.  Ghem.,  1903,  44,  197;  1904,  50,  355  ;  Bray  and 
Winninghoff,  loc.  cit. 

®  Liebisch  and  Korreng,  Sitzungsber.  K.  Akad.  Wiss.  Berlin,  1914,  p  192;  Korreng, 
Jahrh.  Min.,  1914,  Beil.-Bd.,  217,  51;  Sandonnini  and  Aureggi,  Atti  R.  Accad.  Lincei, 
1911,  [v.],  20,  ii,  588  ;  Sandonnini,  ibid.,  1913,  [v.],  22,  ii.  20  ;  1915,  [v.],  24,  i.  616. 

3  Carstanjen,  J.  prakt.  Ghem.,  1867,  102,  141  ;  Jorgensen,  ibid.,  1873,  [ii.], 
6,  82. 

*  Lamy,  Ann,  Ghim.  Phys.,  1863,  [iii.],  67,  385  ;  F.  W.  Clarke,  Amer.  Ghem.  J.,  1883, 
5,  240. 

®  Richards  and  Jones,  J.  Amer.  Ghem.  Soc.,  1909,  31,  158. 

®  Monkemeyer,  Jahrb.  Min.  Beil.,  1906,  22,  1;  Carnelley  [Trans.  Ghem.  Soc.,  1878,  33, 
273)  gives  458°,  and  Stoltzenberg  and  Hath  [Zeitseh.  physikal.  Ghem.,  1910,  71,  64l) 
give  441°. 

Carnelley  and  Williams,  Trans.  Ghem.  Soc.,  1878,  33,  281. 

®  Guaresehi,  Atti  R.  Accad.  Sci.  'Torino,  1912-13,  48,  735. 

8  Bottger,  loc.  cit.-,  Kohlrausch,  loc,  cit.-,  A.  A.  Noyes,  ibid.,  1890,  6,  241, 

1®  Kohlrausch,  loc.  cit. 

II  Clarke,  Amer.  Ghem.  J.,  1883,  5,  240. 

Van  Eyk,  Proc,  K.  Akad.  Wetensch.  Amsterdam,  1901,  3,  98  ;  Gossner,  Zeitseh.  Kryst. 
Min.,  1903,  38,  110 ;  Gernez,  Gompt.  rend.,  1904,  138,  1695. 
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per  atmosphere,^  and  the  density  7’10.  The  two  polymorphs  are  intercon¬ 
vertible.  The  red  form  melts  at  431°  to  a  dark  red  liquid.^ 

The  conversion  of  one  form  into  the  other  is  often  extremely  slow.  A 
hot,  filtered,  aqueous  solution  of  thallous  iodide  deposits  red  crystals  when 
rapidly  cooled,  but  a  hot,  saturated  solution,  when  slowly  cooled  in  the 
presence  of  the  yellow  form,  deposits  yellow  crystals.  A  hot  solution  in 
aqueous  potassium  acetate  or  hydroxide  deposits  the  metastable  red  modifica¬ 
tion  when  cooled,  and  the  red  form  may  also  be  precipitated  by  adding 
potassium  iodide  to  a  hot,  concentrated  solution  of  a  thallous  salt.^  Freshly 
precipitated  yellow  thallous  iodide  becomes  green  when  exposed  to  sunlight. 
The  green  iodide  can  be  recrystallised  from  water  without  losing  its  colour, 
but  on  standing  it  slowly  reverts  to  the  yellow  modification,  the  change  being 
hastened  by  heating  with  aqueous  iodine  or  potassium  iodide.^ 

The  solubility  of  the  yellow  modification  in  water,  in  grams  per  100  grams 
of  water,  is  as  follows  : —  ® 

Temperature,  °0.  0°  20°  40°  60°  80°  100° 

Grams  of  Til  0-002  0-006  0-015  0-035  0-070  0-120 

The  specific  conductivity  of  the  saturated  aqueous  solution  at  18°  is  22-3  x  10~® 
reciprocal  ohms  per  cm.  cube.® 

Thallous  iodide  forms  mixed  crystals  with  thallous  nitrate  ;  the  “  liquidus  ” 
curve  for  the  system  TlI-TlNOg  consists  of  two  parts  meeting  at  a  tran¬ 
sition-point.’ 

THALLIC  HALIDES. — Thallic  fluoride,  TlFg,  is  not  known,  but  un¬ 
stable,  white  crystals  of  thallic  potassium  fluoride,  2TIF3.KF,  have  been 
obtained.® 

Thallic  fluochloride,  TIFCI2.3H2O,  is  obtained  in  white  needles  by 
the  action  of  chlorine  on  thallous  fluoride  dissolved  in  aqxieous  hydrofluoric 
acid.  It  becomes  anhydrous  when  kept  over  phosphoric  anhydride,  and  the 
anhydrous  salt  forms  a  double  salt  with  potassium  chloride,  of  the  formula 
2TIFCI2.KOI,  and  a  compound  with  ammonia,  of  the  formula  TlFCl2.4NHg. 
Analogous  compounds  of  the  composition  TlFBrg  and  TlFBr2.4NHg  are  also 
known.® 

Thallium  oxyfluoride,  TlOF,  is  obtained  as  an  olive-green  powder, 
insoluble  in  water,  by  the  action  of  cold,  aqueous  hydrofluoric  acid  on 
thallic  oxide.® 


1  Richards  and  Jones,  J.  Amcr.  Chem.  Soc.,  1909,  31,  158. 

®  Monkemeyer,_  Min.  Beil.,  1906,  22,  1;  Carnelley  {Trans.  Chem.  Soc., 

1878,  33,  273)  gives  439°,  Stoltzenberg  and  Huth  {Zeitsch.  physikal.  Chem.,  1910, 
71,  641)  give  422°,  and  Van  Eyk  {Proc.  K.  Ahaii.  Wetensch.  Amsterdam,  1901,  3,  98) 
gives  422°. 

®  Gernez,  loc.  cit.,  and  Compt.  rend.,  1904,  139,  278;  1909,  148,  1015;  Ann.  CMm. 
Phys.,  1909,  [viii.],  17,  290;  Willm,  ibid.,  1865,  [iv.],  5,  5;  Hebberling,  Annalen,  1865, 
134,  11  ;  Werther,  J.  prakt.  Chem.,  1864,  92,  128. 

‘  Knbsel,  Ber.,  1874,  7,  576,  893. 

®  Bbttger,  Zeitsch.  physikal.  Chem.,  1903,  46,  602  ;  Kohlrauscb,  ibid.,  1903,  44,  197; 
1904,  50,  365;  Long,  Zeitsch.  anal.  Chem.,  1891,  30,  342. 

®  Kohlrauscb,  loc.  cit. 

’  Van  Eyk,  Proc.  K.  Akad.  Wetensch,  Amsterdam,  1901,  3,  98. 

®  Gewecke,  Annalen,  1909,  366,  217. 

®  Gewecke,  loc.  cit.-,  ef.  Willm,  Ann.  Chim.  Phys.,  1865,  [iv.],  5,  6. 
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Thallic  chloride,^  TICI3. — Thallic  chloride  cannot  be  obtained  in 
the  pure  state  by  the  chlorination  of  thallous  chloride  except  when  the 
reaction  is  carried  out  in  a  sealed  tube  and  the  pressure  of  the  chlorine 
is  several  atmospheres.  Thallic  chloride  thus  prepared  is  described  by 
Thomas  as  consisting  of  white  crystals,  which  melt  at  60°  to  70°  (in  a 
sealed  tube). 

Anhydrous  thallic  chloride  may  be  obtained  by  dehydrating  its  tetra- 
hydrate  at  the  ordinary  temperature  over  sulphuric  acid,  potash,  or  phosphoric 
anhydride,  or,  according  to  Meyer,  by  the  decomposition  in  vacuo  of  the 
compound  TlClg. (02115)20.  The  chloride  thus  obtained  forms  small,  six- 
sided  plates,  and  melts  at  25°.  It  commences  to  lose  chlorine  at  40°,  and 
the  decomposition  is  rapid  at  100°.  It  is  extremely  hygroscopic,  rapidly 
absorbing  moisture  with  the  formation  of  an  aqueous  solution  of  thallic 
chloride ;  and  it  is  soluble  in  alcohol,  ether,  and  other  organic  solvents. 
With  a  small  quantity  of  Avater,  thallic  chloride  forms  a  clear  solution,  which 
is  considerably  hydrolysed  by  dilution. 

When  thallous  chloride  is  suspended  in  water  and  chlorine  is  passed 
through  the  liquid  for  a  sufficient  length  of  time,  a  clear  solution  of  thallic 
chloride  is  obtained.  If  the  solution  be  evaporated  below  60°  to  a  syrup, 
and  then  cooled  in  a  freezing  mixture,  colourless,  orthorhombic  (?)  crystals  of 
the  tetrahydrate,  TlClg.lHgO,  separate.  This  hydrate  melts  at  43°  to  45°,  and 
in  dry  air  slowly  effloresces  (more  rapidly  at  55°)  to  the  monohydrate, 
TICI3.H2O,  while  according  to  M‘Clenahan,  a  dihydrate,  TICI3.2H2O  also 
exists.  The  monohydrate  crystallises  from  a  saturated  aqueous  solution  of 
the  trichloride  at  ordinary  temperatures. 

From  a  solution  of  thallic  chloride  acidified  with  nitric  acid,  silver  nitrate 
quantitatively  precipitates  the  chlorine  as  silver  chloride ;  but  from  a  neutral 
solution,  in  addition  to  the  precipitate  of  silver  chloride,  a  hrown  precipitate 
of  thallic  hydroxide  is  obtained. 

Thallic  chloride  combines  with  ammonia,  producing  a  white,  crystalline 
compound,  TlClg.SNHg,  decomposed  by  water.  This  compound  was  prepared 
by  Willm  in  a  number  of  ways.  According  to  Thomas,  a  compound, 
TICI3.5NH3,  is  produced  by  the  action  of  an  excess  of  ammonia  on  anhydrous 
thallic  chloride.  No  compound  richer  in  ammonia  is  known,  and  the 
compound  TICI3.5NH3  is  insoluble  in  liquid  ammonia.  Thallic  chloride 
combines  with  ether,  pyridine,  aniline,  etc. 

Thallic  chloride  tetrahydrate  readily  absorbs  one  molecular  proportion  of 
hydrogen  chloride,  a  liquid  being  produced  from  which,  on  standing  over  phos¬ 
phoric  anhydride,  hydrogen  ihaUic  chloride,  TlClg.HCl.SHgO  or  HTlCl^.SHgO, 
separates  in  deliquescent  crystals. 

Thallic  bromide,^  TlBr,,  is  not  known  in  the  anhydrous  state.  It  can 
be  obtained  in  solution  by  the  action  of  excess  of  bromine  on  thallous 
bromide  suspended  in  water.  When  the  solution  is  concentrated  at  30°  to  40° 
to  a  syrup,  and  then  strongly  cooled,  very  pale  yellow  crystals  of  the  tetra¬ 
hydrate,  TlBr3.4H20,  are  produced.  Meyer  has  obtained  the  monohydrate. 


1  Willm,  Ann.  Chim.  Phijs.,  1865,  [iv.],  5,  5;  Werther,  J.  praU.  CJiem.,  1864,  91, 
385;  R.  J.  Meyer,  ZeUscJi.  anorg.  Chem.,  1900,  24,  321;  1902,  32,  72;  Ber.,  1902,  35, 
1319;  V.  Thomas,  Compt.  rend.,  1902,  134,  645;  13S,  1051;  Ann.  Chim.  PAys.,  1907, 
[viii.],  II,  204;  Cushman,  Amer.  Chem.  J.,  1900,  24,  222;  1901,  26,  605  ;  M'Clenahan, 
Zeitsch.  anorg.  Chem.,  1904,  42,  100;  Amer.  J.  Sci.,  1904,  [iv.],  18,  104;  Renz,  Ber., 
1902,  35,  1110. 

2  Willm,  loc.  eit,]  R.  J.  Meyer,  loc.  cit,  \  Thomas,  loc.  cit. 
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TlBr3.H20,  by  concentrating  the  solution  in  vacuo  at  the  ordinary  temperature. 
The  hydrates  cannot  be  dehydrated  without  loss  of  bromine.  They  absorb 
one  molecular  proportion  of  hydrogen  bromide  or  hydrogen  chloride.  Willm 
has  described  the  addition-compound,  TlBr^.SNHg. 

Thallic  chlorobromides,  TlClBrg.dHgO  and  TlCl2Br.4H20,  have  been 
prepared  by  Thomas  by  the  action  of  bromine  on  thallous  chloride  suspended 
in  water,  and  of  chlorine  on  thallous  bromide  suspended  in  water,  the  solutions 
being  concentrated  to  a  syrupy  consistency  at  30°  to  40°,  and  then  strongly 
cooled.  The  hydrated  salts  cannot  be  dehydrated  without  loss  of  halogens 
occurring.  The  hydrates  combine  with  one  molecular  proportion  of  hydrogen 
chloride  or  bromide,  but  the  compounds  formed  have  not  been  obtained  in 
the  crystalline  state. ^ 

Thallic  iodide,  Tllg,  may  be  prepared  by  digesting  thallous  iodide  with 
an  alcoholic  solution  of  iodine  and  allowing  the  solution  to  evaporate  over 
sulphuric  acid.  It  forms  large,  dark,  orthorhombic  crystals  {a:b:c  = 
0'6828  ;  1  :  1T217),  isomorphous  with  rubidium  and  caesium  tri-iodides.^ 
It  might  therefore  be  concluded  that  thallic  iodide  is  a  per-iodide  of  thallous 
iodide  and  essentially  a  thallous  compound.  According  to  Abegg  and 
Maitland,  it  is  a  tautomeric  substance,  behaving  as  a  thallous  or  as  a  thallic 
compound  according  to  circumstances.  In  its  sparing  solubility  in  water 
and  organic  solvents  it  resembles  the  thallous  halides,  while  it  resembles  the 
other  thallic  halides  in  forming  complex  salts  with  other  iodides.  In  aqueous 
solution  these  double  salts  yield  the  stable  complex  ion  TII^'.^ 

Double  Salts  containing  Thallic  Chloride,  Bromide,  or  Iodide. — A  very 
large  number  of  these  double  salts  is  known. 

The  following  compounds  with  the  alkali  metal  and  ammonium  halides 
have  been  described  : —  ^ 

Type  TlXg.MX.ajHaO, 

TlBrg.NH^Br 
TlBrg.NH^Br.2H20* * 

TlBr3.NH4Br.4H2O 
TlBr3.NH4Br.5H2O 
TlBr3.KBr.2H2O* 

TlBr3.EbBr.H2O* 

TlBrg.CsBr* 

TII3.NH4I 
TII3.KI 
Tllg.Csl* 

TH3.EbI.2H20* 


Type  2TlX3.3MXa:H20. 

2TICI3.3CSCI 

2TlBr3.3KBr.3H2O 

2TlBr3.3CsBr 

2TH3.3KI.3H.2O 


’  V.  Thomas,  Compt.  rend.,  1902,  135,  545,  1051,  1208;  Ann.  Chim.  Phys.,  1907, 
[viii.],  II,  204. 

®  Wells  and  Penfield,  Amar.  J.  Sci.,  1894,  [iii.],  47,  463  ;  ZeitscJi.  anorg.  Chevi., 
1894,  6,  312;  cf.  Nickts,  Oompt.  rend.,  1864,  58,  537  ;  J.  Pharm.  Chim.,  1864,  [iv.], 

I,  25. 

^  Abegg  and  Maitland,  Zeitsch.  anorg.  Chem.,  1906,  49,  341. 

*  Willm,  Aim.  Chim.  Phys.,  1865,  [iv.],  5,  5;  Nickles,  Compt.  rend-.,  1864,  58,  537; 

J.  Pharm.  Chim.,  1864,  [iv. ],  i,  22  ;  1866,  4,  127  ;  Rammelsberg,  Ber.,  1870,  3,  360  ;  Pogg. 
Annalen,  1872,  146,  692  ;  Neumann,  Annalen,  1888,  244,  329;  GodefTroy,  Zeitsch.  Oesterr. 
Apoth.-Ver.,  1880,  No.  9  ;  Pratt,  Amer.  J.  Sci.,  1895,  [iii.],  49,  398,  402;  Zeitsch.  anorg. 
Chem.,  1895,  9,  19;  Johnson,  J.  Chem.  Soc.,  1878,  33,  183  ;  R.  J.  Meyer,  Zeitsch.  anorg. 
Chem.,  1900,  24,  321  ;  Wallace,  Zeitsch.  Kryst.  Min.,  1911,  49,  417. 
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Type  T1X3.2MX.kH,0. 

TlCl3.2KCl.2H2O 

TlCl3.21lbCl 

TlCl3.2RbCl.H2O 

TICI3.2CSCI 

TlCl3.2CsCl.H2O 

TlCL.2CsC1.2H,0 


Type  TlX3.3MX.KH2O. 

TlCl3.3NaC1.12H20 

TlCl3.3LiCl.8H2O 

TICI3.3NH4CI 

TlCl3.3NH3Cl.2H2O 

TlCl3.3KCl.2H2O 

TlCl3.3RbCl 

TlCl3.3RbOl.H2O 

TlCl3.3RbCl.2H2O 

TICI3.3CSCI.H.2O 

TlBr3.3RbBr.2H„0 


The  salts  of  the  type  TlX3.MX.a;H20  appear  to  possess  cubic  symmetry,  since 
Pratt  and  Wallace  have  shown  that  the  asterisked  salts  crystallise  in  com¬ 
binations  of  the  cube  and  regular  octahedron.  Rammelsberg  described  the 
potassium  salts  of  the  type  2TlX3.3MX.a;H20  as  cubic,  but  according  to 
Wallace  the  bromide  is  tetragonal  (a  :  c  =  1  ;  0'7556)  and  the  caesium  chloride 
is  described  by  Pratt  as  hexagonal  (a  :  c  =  1  :  0‘8257). 

Two  salts  of  the  type  TlX3.2MX.H2O  crystallise  in  rhombic  bipyramids, 
isomorphous  with  the  corresponding  indium  salts  and  with  ammonium 
and  potassium  ferric  chlorides,  FeCl3.2NH3Cl.H2O  and  FeCl3.2KCl.H2O.  The 
data  given  below  are  due  to  Wallace  (compare  data  given  on  p.  157)  : — 


TlCl3.2RbCl.H2O;  :c  =  0-9770  :1  :l-4388;  density  =  3-513  at  20° 
TlCl3.2CsCl.H2O  ;  a  :  6  :  c  =  0-9690  :  1  :  3-4321  ;  density  =  3-879  at  20° 


The  following  salts  of  the  type  TlX3.3MX.2H2O  crystallise  in  tetragonal 
bipyramids  isomorphous  with  the  corresponding  indium  salts  : —  ’■ 

TlCl3.3KCl.2H2O  ;  a  :  c==l  :  0-7941 ;  density  =  2* *859  at  20° 

TlCl3.3NH3Cl.2H2O  ;  a  :  c—\  :  0-8097  ;  density  =  2-389  at  20° 

TlBr3.3RbBr.2H2O  ;  a  :  c  =  l  :  0-8038;  density  =  4  077  at  20° 

Thallic  chloride  combines  with  the  chlorides  of  calcium,  strontium, 

magnesium,  zinc,  copper,  and  manganese,  forming  double  salts  of  the  type 
2TICI3.MCI2. 61126.^  Thallic  beryllium  chloride,  2TICI3. 3BeCl2,  and  the  ammonia 
addition-product  of  thallic  cupric  iodide,  2TH3.CuI2.4NH3,  have  also  been 
described.® 

INTERMEDIATE  THALLIUM  HALIDES.  —  Thallium  sesqui- 
chloride,^  TI2CI3  or  3TICI.TICI3,  is  readily  prepared  by  saturating  a  boiling 
solution  of  thallic  chloride  with  thallous  chloride  and  cooling,  or  by  passing 
chlorine  into  water  containing  thallous  chloride  in  suspension  until  no  more 
white  thallous  chloride  is  left.  In  each  case  the  product  should  be  recrystal¬ 
lised  from  boiling  water,  and  in  the  latter  case  the  too  prolonged  action  of 
chlorine  should  be  avoided,  since  it  converts  the  sparingly  soluble  thallium 
sesquichloride  into  very  soluble  thallic  chloride. 


^  Wallace,  loe.  cit.\  Pratt,  loc.  cit.;  compare  data  given  on  p.  157. 

^  Gewecke,  Annalen,  1909,  366,  217.  * 

®  Neumann,  Annalen,  1888,  244,  329  ;  Jorgensen,  J.  •prakt.  Chem.,  1872,  [ii.],  6,  82. 

*  Lamy,  Ann.  Chim.  Phys.,  1863,  [hi.],  67,  385;  Whim,  ibid.,  1865,  [iv.],  5,  6  ;  Crookes 
and  Church,  Chem.  News,  1863,  8,  1  ;  Werther,  J.  prakt.  Chem.,  1864,  91,  385  ;  Hebberling, 
Annalen,  1865,  134,  11;  E.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1900,  24,  321;  Cushman, 
Amer.  Chem.  J.,  1900,  24,  222  ;  V.  Thomas,  Ann.  Chim.  Phys.,  1907,  [vih.],  Ii,  204. 
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Thallium  sesquiohloride  crystallises  in  yellow,  six-sided  leaflets,  of  density 
5-9.  One  litre  of  water  at  25°  dissolves  3'43  grams  of  the  chloride.^ 
The  aqueous  solution  gives  with  alkali  hydroxides  a  precipitate  of  thallic 
hydroxide,  and  the  filtrate  contains  thallous  salt  in  solution. 

Thallium  sesquiohloride  forms  mixed  crystals  with  thallous  chloride,  on 
account  of  which  a  number  of  other  chlorides  have  erroneously  been  described 
by  Werther. 

Thallium  dichloride,  TICI2  or  TICI.TICI3,  is  the  final  product  of  the 
action  of  dry  chlorine  on  dry  thallous  chloride  at  the  ordinary  temperature. 
The  absorption  of  chlorine  is  at  first  rapid,  but  is  subsequently  very  slow. 
Thallium  diohloride  is  a  pale  yellow,  hygroscopic  solid  which  may  be  kept 
indefinitely  in  an  atmosphere  of  dry  chlorine  at  the  ordinary  temperature 
without  any  further  absorption  of  the  gas  occurring.  It  is  decomposed  by 
water  into  thallic  chloride  and  thallium  sesquiohloride.^ 

Thallium  sesquibromide,  TljBrg  or  3TlBr.TlBr3,  is  not  so  readily 
prepared  as  the  corresponding  chloride,  since  it  is  decomposed  by  water. 
The  best  method  of  preparation  is  to  moisten  4  or  5  grams  of  thallous 
bromide  with  1  or  2  c.c.  of  water  and  slowly  add  0* *5  c.c.  of  bromine. 
About  50  grams  of  water  are  then  added,  and  the  liquid  brought  to  the 
boiling-point.  The  slight  residue  of  thallous  bromide  is  filtered  off,  and 
the  filtrate  caught  in  a  vessel  that  is  cooled  by  immersion  in  running  water. 
Thallium  sesquibromide  separates  out  in  bright  red  crystals.  Water  de¬ 
composes  the  bromide  into  thallic  bromide  and  a  solid  the  composition  of 
which  depends  upon  the  relative  amounts  of  sesquibromide  and  water,  but 
which  is  intermediate  between  that  of  the  sesquibromide  and  thallous 
bromide.  Thallium  sesquibromide  forms  orange-yellow  or  orange-red  mixed 
crystals  with  thallous  bromide.^ 

Thallium  dibromide,  TlBrg  or  TlBr.TlBr3,  is  the  final  product  of  the 
action  of  dry  bromine  on  dry  thallous  bromide,  and  is  best  prepared  by  heat¬ 
ing  thallous  bromide  with  bromine  in  a  sealed  tube  at  100°  for  six  hours, 
opening  the  tube,  and  removing  the  excess  of  bromine  by  heating.  The 
dibromide  is  also  produced  by  the  action  of  excess  of  a  chloroform  or  carbon 
tetrachloride  solution  of  bromine  on  thallous  bromide,  by  the  prolonged  action 
of  an  excess  of  bromine  dissolved  in  carbon  disulphide  on  thallous  bromide, 
and  by  the  decomposition  of  the  hydrates  of  thallic  bromide. 

Thallium  dibromide  is  a  dark  yellow,  crystalline  solid  readily  decomposed 
by  water.^ 

Thallium  chlorobromides.®  —  The  following  intermediate  chloro- 
bromides  have  been  described  : — 

Type  TlXa. 

TlaCl^Br, 

TljCLBr, 

Tl'ClBr 

Tl3Br3Cl 


^  Abeggand  Spencer,  Zeitsch.  anorg.  Chem.,  1905,  44,  379. 

®  Lamy,  loc.  cit. ;  Thomas,  loc.  cit. 

®  Thomas,  loc.  cit.-,  Willm,  loc.  cit. 

*  Willm,  loc.  cit.',  Thomas,  loc.  cit.,  and  Compt.  rend.,  1901,  132,  1487  ;  1902,  134, 
545  ;  Bull.  Soc.  chim.,  1902,  [iii.],  27,  471,  474,  481. 

®  R.  J.  Meyer,  loc.  cit.;  Cushman,  loc.  cit.,  and  Amer.  Chem.  J.,  1901,  26,  505  ;  Thomas, 
Ann.  Chim.  Phijs.,  1907,  [viii.],  ii,  204  ;  Compt.  rend.,  1900,  130, 1316 ;  131,  8o2,  1208  ;  1901, 
132,  80,  1487  ;  133,  735 ;  1902,  134,  545  ;  Bull.  Soc.  chim.,  1902,  [iii.],  27,  471,  474,  481. 


Type  TI0X3. 

Tl,Cl3Br3 

Tl^Cl^Br^ 

Tl.Cl^Br, 
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Type  TIX2. — (a)  The  compound  TlgCljBr^  may  be  prepared  by  treating 
thallous  chloride  in  solution  with  excess  of  bromine,  and  concentrating  the 
solution  of  thallic  chlorobromide  TlClBrg  over  sulphuric  acid  in  vacuo.  A 
syrupy  liquid  is  produced  which  on  further  concentration  begins  to  decompose, 
and  yellow  crystals  of  TlgCl^Br^  are  deposited.  Any  thallic  hydroxide  produced 
is  separated  by  decantation  while  there  is  still  a  little  liquid  left,  and  the 
crystals  are  then  left  over  sulphuric  acid  until  they  are  dry.  The  compound 
TlgCljBiq  forms  sulphur-yellow,  orthorhombic  C?)  prisms,  and  melts  at  165°  to 
a  yellow  liquid.  It  is  decomposed  by  water  with  the  production  of  impure 
Tl^CLjBrg,  which  may  be  purified  by  recrystallising  it  from  hot  water. 

(6)  The  compound  TlgCl^Brg  is  made  by  the  method  outlined  for  TlgCljBr^, 
but  the  starting  materials  are  thallous  bromide  and  chlorine.  It  resembles 
the  preceding  compound,  and  is  decomposed  by  water  with  the  prodiiction  of 
Tl^ClgBrg. 

(c)  The  compound  TlClBr  is  obtained  by  heating  thallous  chloride  with 
bromine. 

(cf)  The  compound  TlgBi’gCl  was  obtained  by  Cushman  by  the  action  of 
aqueous  thallic  bromide  on  the  compound  Tl^BrgClg.  It  crystallises  in  yellow 
needles. 

Type  TlgXg. — (e)  One  method  for  the  preparation  of  the  compound 
Tl^ClgBrg  has  been  given  under  {a)  above.  It  is  also  said  by  Cushman  to  be 
produced  by  boiling  a  solution  of  thallic  chloride  with  thallous  bromide  and 
cooling,  or  by  boiling  a  solution  of  thallic  bromide  with  thallous  chloride.  It 
is  also  produced  when  a  limited  quantity  of  bromine  is  added  to  thallous 
chloride  suspended  in  cold  water,  the  yellow  solid  produced  dissolved  in 
boiling  water,  and  the  filtered  solution  slowly  cooled.  The  filtrate  from  the 
deposited  crystals,  when  concentrated  and  cooled,  deposits  more  of  the  com¬ 
pound  Tl^ClgBrg,  in  six-sided  plates,  but  mixed  with  needles  of  the  compound 
Tl^Cl.Brg. 

(/)  One  method,  due  to  Thomas,  for  the  production  of  Tl^Cl^Brg  has  just 
been  mentioned,  but  it  is  difficult  to  obtain  the  compound  free  from  admixed 
Tl^ClgBrg.  E.  J.  Meyer  and  Cushman  have  also  described  processes  for  the 
preparation  of  Tl^Cl^Brg  from  thallous  chloride,  bromine,  and  water. 

{g)  The  preparation  of  Tl^Cl^Br^  from  thallous  bromide,  chlorine,  and 
water  has  been  described  by  E.  J.  Meyer. 

Each  of  the  compounds  Tl^ClgBrg,  Tl^Cl^Br^,  and  Tl^Cl^Brg  forms  dark 
orange-yellow  crystals,  sparingly  soluble  in  Avater.  With  rise  of  temperature 
the  crystals  rapidly  become  deep  red  in  colour.  The  two  methods  given  by 
Cushman  for  the  preparation  of  Tl^ClgBrg  are  said  by  that  author  to  yield 
stereo-isomeric  forms  of  the  compound,  but  at  present  this  cannot  be 
regarded  as  proved. 

Thallium  sesqui-iodide,  Tl.Jg  or  STlI.TlIg,  has  been  described  by 
Knosel.^  The  compound  Tlgl^,  or  STlI.TlIg,  was  discovered  by  Strecker,  and, 
later,  prepared  by  Jorgensen.^  It  has  been  shown  by  Abegg  and  Maitland 
that  thallous  iodide  passes  into  this  compound  at  25°  in  the  presence  of  a 
solution  of  iodine  in  water  or  potassium  iodide  solution,  provided  that  the 
concentration  of  free  iodine  in  the  liquid  phase  exceeds  0  0019  gram  per 
litre,  but  does  not  exceed  0-082  gram  per  litre.  When  the  concentration  of 
free  iodine  exceeds  the  latter  value,  the  compound  Tlgl^  passes  into  thallic 


1  Knosel,  Ber.,  1874,  7,  576,  893. 

2  Strecker,  Annalen,  1865,  135,  207  ;  Jorgensen,  J.  praU.  Chem.,  1872,  [ii.],  6,  82. 
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iodide.  The  compound  Tlgl^  is  a  black  solid,  sparingly  soluble  in  water  and 
organic  liquids  with  partial  decomposition.^ 

Thallous  chlorate,  TICIO3. — An  aqueous  solution  of  this  salt  is 
obtained  by  dissolving  thallium  in  aqueous  chloric  acid,  or  by  mixing 
equivalent  quantities  of  barium  chlorate  and  thallous  sulphate  in  solution. 
The  chlorate  separates  from  aqueous  solution  in  microscopic  prisms  of  specific 
gravity  5'047.^  The  solubility,  in  grams  of  salt  per  100  grams  of  water,  is  as 
follows  : — 

Temperature,  °0.  0°  20°  50°  80°  100°  C. 

Grams  of  TICIO3  2-00  3-92  12-7  33-7  57  3 

One  litre  of  the  saturated  solution  at  20°  contains  38-53  grams  of  thallous 
chlorate  (Noyes  and  Farrell).  When  heated  to  186°,  the  chlorate  explodes.® 
Thallous  chlorate  is  monoclinic  and  isomorphous  with  potassium  chlorate ; 
and  these  two  salts  form  an  incomplete  series  of  mixed  crystals  with  one 
another.^ 

Thallic  chlorate,  T1(0103)3.4H20,  forms  deliquescent,  rhombic  crystals.® 
Thallous  perchlorate,  TICIO^,  may  be  obtained  in  aqueous  solution  by 
dissolving  thallium  in  aqueous  perchloric  acid,  or  by  mixing  barium  perchlorate 
and  thallous  sulphate.  It  crystallises  in  rhombic  tablets  (a  :  l> :  c  =  0'7978  : 
1  : 1-2898)  of  density  4-844,  and  begins  to  decompose  at  300°.®  The  solubility, 
in  grams  of  anhydrous  salt  per  100  grams  of  water,  is  10  0  at  15°  and  166-6 
at  100°. 

Thallous  perchlorate  forms  a  complete  series  of  mixed  crystals  with 
potassium  perchlorate,  with  which  il  is  isomorphous.^ 

Thallic  perchlorate,  Tl( 0104)3.61120,  forms  white,  hygroscopic  crystals.® 
Thallous  bromate,  TlBrOg,  obtained  by  dissolving  thallous  oxide  or 
carbonate  in  aqueous  bromic  acid,  crystallises  from  aqueous  solution  in 
needles.  It  decomposes  at  100°  and  detonates  when  heated  to  150°.  At  20°, 
100  grams  of  water  dissolve  0-347  of  the  bromate  ;  at  40°,  0-741  gram.® 
Thallic  bromate,  Tl(Br 03)3.31120,  forms  white,  hygroscopic  crystals.^® 
Thallous  iodate,  TIIO3,  is  obtained  as  a  white,  crystalline  precipitate 
when  a  solution  of  an  alkali  iodate  is  added  to  a  solution  of  a  soluble  thallous 
salt.  It  begins  to  decompose  above  150°,  with  the  evolution  of  oxygen  and 
iodine.^^  Ditte  has  described  a  hemihydrate,  2T1I03.H20.^® 

A  saturated  solution  at  20°  contains  0-058  gram  of  thallous  iodate  per 
100  grams  of  water. 


1  Abeggand  Maitland,  Zeitsch.  anorg.  Chem.,  1905,  49,  341. 

Crookes,  Ghem.  News,  1863,  8,  159  ;  J.  Muir,  Trans.  Chem,,  Soc.,  1876,  i.  857. 

®  Gewecke,  Zeitsch.  anorg.  Chem.,  1912,  75,  272. 

*  Stortenbeker,  Rec.  trav,  chim.,  1905,  24,  63;  Roozeboom,  Zeitsch.  physikal.  Chem., 
1891,  8,  513. 

®  Gewecke,  loc.  cit. 

®  Roscoe,  J.  Chem.  Soc.,  1866,  19,  504;  cf.  Carnelley  and  O’Shea,  Trans.  Chem.  Soc., 
1884,  45,  409. 

’  Stortenbeker,  loc.  cit. 

®  Gewecke,  lot.  cit. 

®  Bbttger,  Zeitsch.  physiJcal.  Chem.,  1903,  46,  602  ;  Noyes  and  Abbot,  ibid.,  1895,  16, 
132. 

Gewecke,  loc.  cit. 

Rammelsberg,  Ber.,  1870,  3,  360. 

Ditte,  Ann.  Chim.  Phys.,  1890,  [vi.],  21,  145. 

Bbttger,  loc,  cit. 
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Thallic  iodate,  T1(I03)3. — Soluble  hydrates  of  this  salt,  containiug  2H2O 
and  I2H2O,  have  been  prepared.^ 

Thallous  permanganate,  TlMnO.^,  prepared  by  double  decomposition 
between  barium  permanganate  and  thallous  sulphate,  crystallises  from  aqueous 
solution  in  large,  black  prisms.^ 

Thallium  and  the  Oxygen  Group. 

Oxides  and  Hydroxides  of  Thallium. — Two  basic  oxides  of  thallium 
are  known,  thallous  oxide,  TlgO,  and  thallic  oxide,  Tl^Og.  In  addition,  thallo- 
thallic  oxide,  TI2O.TI2O3  or  TIO,  is  known,  and  an  oxide  of  the  formula,  TI3O5 
has  been  described. 

Normal  thallous  hydroxide,  TlOH  or  TlgO.HgO,  and  monohydrate  of  thallic 
oxide  or  metathallic  hydroxide,  TIO.  OH  or  TlgOg.HgO,  are  also  known. 

Thallous  oxide,  TlgO,  is  produced  when  thallium  oxidises  in  air  or 
oxygen  at  comparatively  low  temperatures.  In  warm  air  the  oxidation  of 
the  metal  proceeds  rapidly,  and  at  temperatures  approaching  dull  redness 
thallic  oxide  commences  to  be  formed  in  appreciable  amount.  Thallous 
oxide  is  best  prepared  by  dehydrating  thallous  hydroxide  at  100°.  It  is 
a  heavy,  black  powder,  which  rapidly  absorbs  water,  producing  thallous 
hydroxide,  and  reacts  with  acids  to  produce  thallous  salts.  It  is  attacked  by 
chlorine  and  bromine  with  the  production  of  chlorides  and  bromides  of 
thallium  and  free  oxygen.  At  about  300°  it  melts  to  a  liquid  which  rapidly 
attacks  glass.  When  heated  to  redness  in  hydrogen,  thallous  oxide  is  slowdy 
reduced  to  metal ;  the  reduction  proceeds  more  readily  in  a  stream  of  carbon 
monoxide.® 

Thallous  hydroxide,  TlOH,  crystallises  from  aqueous  solution  in  yellow 
needles.  A  solution  of  the  hydroxide  is  readily  prepared  by  shaking  an 
excess  of  thallium  turnings  with  water  in  a  vessel  through  which  a  stream  of 
oxygen  is  passing,^  or  by  double  decomposition  between  thallous  sulphate 
and  baryta. 

Thallous  hydroxide  is  readily  dissociated  into  thallous  oxide  and  water : — 

2T10H:^Tl20  +  H20, 

the  equilibrium  pressure  reaching  the  value  760  mm.  at  139°,  according  to 
the  measurements  of  Bahr.  The  hydroxide  also  darkens  in  colour  m  vacuo 
when  exposed  to  light,  but  the  nature  of  the  chemical  change  is  unknown. 

Thallous  hydroxide  is  readily  soluble  in  water  and  alcohol.  One  litre  of 
the  saturated  aqueous  solution  at  f  contains  x  grams  of  the  hydroxide,  where 
X  and  t  are  as  follows  : —  ® 

f  0°  20°  30°  40°  50°  60°  70°  80°  90°  100° 

a;  264-4  352-7  402-8  495-0  594-6  733-1  888-8  1062-6  1260-8  1505-0 

Thallous  hydroxide  is  a  comparatively  strong  base.®  The  aqueous  solution, 
is  colourless  and  has  a  strongly  alkaline  reaction.  It  precipitates  metallic 


1  J/OC  Chi 

2  R.  J.  Meyer  and  Best,  Zeitscli.  anorg.  Chem.,  1899,  22,  169. 

3  Lamy,  Ann.  Chim.  Fhys.,  1863,  [in.],  67,  385  ;  Flemming,  Jahresber.,  1868,  p.  260  ; 
Winkler,  Ber.,  1890,  23,  788  ;  Ranter,  Annalen,  1892,  270,  249. 

^  Bair,  Zeitsch.  anorg.  Ohem.,  1911,  ^i,  79. 

®  Calculated  from  the  data  given  by  Bair,  loc.  cit, 

8  Ostwald,  J.  prakt.  Chem.,  1886,  [ii.],  33,  352. 
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hydroxide  by  double  decomposition,  readily  absorbs  carbon  dioxide,  and 
attacks  glass  and  porcelain.  Accordingly,  unless  special  care  is  taken  in 
its  preparatiou,  thallous  hydroxide  is  always  contaminated  with  a  little 
carbonate.^ 

Thallous  hydroxide  is  oxidised  to  dark  brown  thallic  hydroxide  by  ozone. 
The  reaction  has  been  proposed  as  a  test  for  ozoiie,^  but  is  given  by  other 
oxidising  agents,  e.g.  hydrogen  peroxide.^ 

The  hydrate,  TIOH.H2O,  has  been  obtained,  but  the  conditions  under 
which  it  is  produced  are  not  known.^ 

Thallic  oxide  or  thallium  sesqui-oxide,  Tl^Og,  is  produced  by  the 
action  of  air  or  oxygen  upon  thallium  at  temperatures  between  a  dull  red 
heat  and  700°,  and  may  be  prepared  by  dehydrating  thallic  hydroxide.  It 
is  obtained  in  the  crystalline  form  by  fusing  thallous  sulphate,  nitrate,  or 
chromate  with  excess  of  potassium  hydroxide  at  a  dull  red  heat  and  extracting 
the  mass  with  water,®  or  by  heating  thallous  nitrate  to  450°.®  The  crystals 
have  a  density  of  9 '97. 

When  hydrogen  peroxide  is  added  to  a  cold  solution  of  a  thallous  salt 
containing  excess  of  alkali  hydroxide,  brown  thallic  oxide  is  precipitated, 
which  soon  becomes  crystalline  and  has  a  density  of  9  65  at  21°.  When 
precipitation  is  effected  at  80°,  the  oxide  obtained  is  black  and  amorphous,  and 
has  a  density  of  10’19  at  22°.  At  temperatures  above  100°,  the  brown 
variety  becomes  black ;  each  form  contains  a  little  water  which  is  not  com¬ 
pletely  eliminated  below  500°.'^ 

Thallic  oxide  is  deposited  upon  the  anode  when  a  neutral  solution  of 
thallous  sulphate  or  nitrate  is  electrolysed  between  platinum  electrodes  and 
the  anodic  potential  difference  (between  electrode  and  electrolyte)  exceeds 
1‘43  volts.  When  the  potential  difference  at  the  anode  exceeds  1'81  volts 
for  thallous  nitrate  or  2 ‘27  volts  for  thallous  sulphate,  thallic  hydroxide  is 
deposited.® 

Thallic  oxide  melts  at  725°  ±  10°,  begins  to  decompose  into  thallous  oxide 
and  oxygen  at  800°,  and  decomposes  rapidly  at  1000°.®  It  is  reduced  by 
hydrogen  and  by  carbon  monoxide  at  a  red  heat.^®  It  is  insoluble  in  water 
and  in  alkalies ;  it  reacts  with  hydrochloric  acid,  producing  thallic  and 
thallous  chlorides  and  chlorine ;  it  is  scarcely  affected  by  cold  sulphuric  acid, 
and  is  attacked  by  the  hot  acid  with  the  production  of  thallous  sulphate  and 
oxygen.ii 

1  Lamy,  loc.  cit.  ;  Oarnelley  and  Walker,  Trans.  Chem.  Soc.,  1888,  53,  ,59. 

2  Schonbein,  J.  pralct.  Chem.,  1867,  loi,  321  ;  Lamy,  Bull.  Soc.  ckim.,  1869,  [ii.], 

11,  210. 

®  Schone ,  Annalen,  1878,  196,  58. 

■*  Willm,  Ann.  Chim.  Phys.,  1865,  [iv.],  5,  5. 

®  Lepierre  and  Lachaud,  Comytrend.,  1891,  113,  196. 

®  V.  Thomas,  ihid.,  1904,  138,  1697. 

’  Kabe,  Zeitsch.  anorg.  Chem.,  1906,  48,  427  ;  1906,  50,  158  ;  1907,  55,  130. 

®  M.  Bose,  Zeitsch.  anorg.  Chem.,  1906,  44,  237  ;  see  also  Crookes,  Proc.  Roy.  Soc.,  1862, 

12,  150  ;  Bbttger,  Annalen,  1863,  127,  176  ;  Wohler,  ibid.,  1868,  146,  263,  375  ;  Flemming, 
Jahresber.,  1868,  p.  250;  Heiberg,  Zeitsch.  anorg.  Chem.,  1903,  35,  347;  Zon&s,  Zeitsch. 
Elelctrochem. ,  1903,  9,  523;  Lorenz,  Zeitsch.  anorg.  Chem.,  1896,  12,  439.  According  to 
Gallo  and  Cenni  {Atti  R.  Accad.  Lined,  1908,  [v.],  17,  ii.  276),  the  oxide  deposited  on  the 
anode  when  thallous  sulphate  solution  containing  a  trace  of  sulphuric  acid  is  electrolysed 
has,  when  dried  at  160°  to  200°,  a  composition  corresponding  to  the  formula  TI3O5. 

®  Rabe,  loc.  cit.-,  cf.  Garnelley  and  O’Shea,  Trans.  Chem.  Soc.,  1884,  45,  409. 

Werther,  J.  prakt.  Chem.,  1864,  91,  385  ;  Flemming,  loc.  cit.;  see  also  Winkler, 
Ber.,  1890,  23,  788  ;  Bottger,  Dingl.  poly.  J.,  1870,  197,  379. 

Lamy,  Ann.  Chim.  Phys.,  1863,  [iii.],  67,  385. 
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Thallic  hydroxide/  TIO.OH  or  Tl^Og.HgO,  is  obtained  by  precipitating 
a  solution  of  a  thallic  salt  with  a  slight  excess  of  alkali  hydroxide  or  ammonia, 
washing  the  precipitate,  and  drying  it  at  the  ordinary  temperature  in  the  air.^ 
It  is  also  produced  by  the  action  of  alkali  hypochlorite  on  an  alkaline  solution 
of  a  thallous  salt.® 

Thallic  hydroxide  is  a  reddish-brown  powder.  When  heated  *  to  1 10°-120° 
it  is  completely  dehydrated  to  thallic  oxide,  and  it  is  also  dehydrated  when 
heated  in  contact  with  the  liquid  from  which  it  has  been  precipitated.®  The 
freshly  precipitated  hydroxide  reacts  readily  with  acids;  but,  after  it  has 
been  dried,  solution  in  acids  is  slow,  and  is  accompanied  by  partial  reduction. 
The  hydroxide  is  practically  insoluble  in  water,  its  solubility-product  ®  at  25° 
being  only  lO"®®. 

Thallothallic  oxide,  TIO  or  Tl20,Tl203,  is  obtained  as  a  bluish-black, 
lustrous  precipitate  when  3  per  cent,  hydrogen  peroxide  is  added  to  a  solution 
of  thallous  sulphate  wdiich  has  been  made  strongly  alkaline  and  cooled  to 
-  15°.  It  should  be  washed  with  cold  alcohol  and  then  with  ether.  The 
oxide  absorbs  carbon  dioxide,  forming  thallic  oxide  and  thallous  carbonate ;  it 
absorbs  oxygen  at  the  ordinary  temperature,  forming  thallic  oxide ;  and  it  is 
decomposed  by  cold  water,  producing  thallous  hydroxide  and  thallic  oxide.'^ 

Sulphides  of  Thallium  . — When  mixtures  of  thallium  and  sulphur  are 
fused,  those  rich  in  thallium  separate  into  two  non-miscible  layers  of  thallous 
sulphide,  Tl^s,  and  thallium,  while  those  rich  in  sulphur  form  two  layers 
consisting  of  thallium  pentasulphide  and  sulphur.  Mixtures  containing 
more  sulphur  than  is  required  for  thallous  sulphide  and  less  than  is  required 
for  the  pentasulphide  form  only  one  liquid  phase,  and  solid  solutions  appear 
to  separate  when  they  are  cooled.  The  nature  of  these  solid  solutions  is  not 
known ;  possibly  a  thallothallic  sulphide,  TI2S.TI2S3,  also  exists,  but  has 
no  melting-point.® 

Thallous  sulphide,  TI2S,  is  obtained  as  a  black  precipitate  by  passing 
hydrogen  sulphide  into,  or  adding  ammonium  sulphide  to,  a  solution  of  a 
thallous  salt.  In  the  presence  of  a  trace  of  sulphuric  acid,  hydrogen  sulphide 
precipitates  the  sulphide  from  cold  solutions  as  microscopic  tetrahedra.®  The 
amorphous  sulphide  becomes  crystalline  when  heated  for  some  hours  to 
150°-200°  with  excess  of  colourless  ammonium  sulphide.^® 

Thallous  sulphide  forms  bluish-black  crystals  of  density  8‘0.  It  melts  at 
448°,  and  is  very  brittle.  Heated  in  hydrogen,  it  is  reduced  to  thallium.  It 


^  A  hydroxide  of  the  formula  Tl(OH)3,  stable  at  340",  has  been  described  by  Carnegie 
{Ohem.  News,  1889,  60,  113),  but  the  formula  given  is  based  solely  on  an  estimation  of  the 
thallium  present  in  the  substance. 

2  Lamy,  Ann.  Chim.  Phys,,  1863,  [iii],  67,  386  ;  Crookes,  J.  Chem.  Soc.,  1864,  17,  112  ; 
Werther,  J.  prakt.  Chem.,  1864,  91,  385  ;  Carnelley  and  Walker,  Trans,  Chem.  Soc.,  1888, 
53,  88. 

®  Strecker,  Annalen,  1865,  135,  207  ;  Willm,  Ann.  Chim.  Phys.,  1865,  [iv.],  Si  5  ;  see 
also  Schonbein,  J.  prakt.  Chem.,  1864,  93,  35  ;  Weltzieii,  Annalen,  1866,  138,  1'29. 

^  In  heating  thallic  oxide  or  hydroxide,  care  must  be  taken  to  prevent  the  access  of 
gaseous  products  of  combustion  to  the  substance. 

®  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1900,  24,  321. 

®  Abegg  and  Spencer,  Zeitsch.  anorg.  Chem.,  1905,  44,  379. 

Babe,  Zeitsch.  anorg.  Chem.,  1908,  58,  23. 

®  Pelabon,  Compt.  rend.,  1907,  14S,  118;  Ann.  Chim.  Phys.,  1907,  [viii.',  17,  526. 
Pelabon  suggests  the  intermrdiate  sulphide  TlgSi,. 

®  Hebberling,  Anncden,  1865,  134,  11. 

Stanek,  Zeitsch.  anorg.  Chem.,  1898,  i7)  117. 
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is  readily  decomposed  by  dilute  mineral  acids,  but  not  by  acetic  acid,  and  the 
moist  sulphide  rapidly  oxidises  in  the  air.  It  is  insoluble  in  ammonium 
sulphide,  alkali  hydroxides,  carbonates,  and  cyanides. 

Thallous  sulphide  has  been  obtained  in  colloidal  solution.^ 

Thallous  sulphide  forms  definite  compounds  of  the  formulae  STl.^S.AsjSj 
(or  TlgAsS^)  and  2Tl2S.SnS2  ( or  Tl^SnS^)  with  arsenic  and  stannic  sulphides. 
They  may  be  employed  for  the  gravimetric  estimation  of  thallium.  With 
arsenious,  antimonious,  antimonic,  and  stannous  sulphides,  thallous  sulphide 
forms  series  of  solid  solutions.  They  are  precipitated  from  mixed  thallous 
and  arsenic,  antimony  and  tin  solutions  by  alkali  sulphides.^  Thallous 
sulphide  also  forms  a  double  sulphide  of  the  formula  TlgS.lCuS  with  cupric 
sulphide,  and  two  series  of  solid  solutions  probably  of  the  compound 
TI2S.2CUS  in  TI2S.4CUS  and  TI2S  in  TI2S.2CUS.3 

Thallic  sulphide,  TI2S3,  is  not  precipitated  from  a  thallic  salt  by 
hydrogen  sulphide,  thallous  sulphide  and  sulphur  being  produced.^  It  may, 
however,  be  prepared  by  fusing  thallium  with  excess  of  sulphur  and  removing 
excess  of  the  latter  by  distillation.®  It  is  a  black  solid,  hard  and  brittle  below 
12°,  soft  and  plastic  above  that  temperature.  It  dissolves  in  warm  dilute 
sulphuric  acid  with  the  evolution  of  hydrogen  sulphide,  no  sulphur  separating 
as  such. 

With  thallous  sulphide,  thallic  sxilphide  forms  a  series  of  solid  solutions.® 
The  compound  potassium  thallium  sulphide,  Tl.2S3.K2S,  is  obtained  by  fusing 
together  thallous  sulphate  (1  pt.)  with  sulphur  (6  pts.)  and  potassium 
carbonate  (6  pts.),  and  washing  the  fused  mass  with  water.  It  is  a  reddish- 
brown,  crystalline  solid,  insoluble  in  water. 

Thallium  pentasulphide,  TI2S5,  is  said  by  Pelabon  to  melt  at  127°, 
but,  if  quickly  cooled,  to  remain  pasty  at  ordinary  temperatures.  When 
heated  above  the  melting-point  it  readily  loses  sulphur.  A  crystalline 
pentasulphide  is  said  to  be  formed  by  digesting  thallous  chloride  with 
concentrated  ammonium  polysulphide  solution  ;  ®  but,  according  to  Hawley, 
there  is  no  evidence  that  the  substance  thus  obtained  is  a  definite  penta¬ 
sulphide,  but  there  exists  a  series  of  solid  solutions  containing  thallium  and 
sulphur,  in  which  there  is  more  sulphur  than  is  required  for  a  sesqui sulphide. 

Thallium  selenides. — According  to  Murakami,®  thallium  forms  thalloUS 
selenide,  TlgSe,  melting  at  368°;  thallothallic  selenide,  Tl2Se.Tl2Se3, 
melting  at  310°;  and  thallium  sesquiselenide,  TlgSeg,  decomposing 
at  265°.  The  equilibrium  diagram  is  complex,  there  being  two  gaps  of 
miscibility  in  the  liquid  state.  The  selenides  are  brittle  solids.  Thallous 


1  Winssinger,  Bull.  Soc.  chin.,  1888,  [ii.],  49,  452. 

2  Hawley,  J.  Physical  Chem..,  1906,  10,  654  ;  J,  Amer.  Chem.  Soc.,  1907,  29,  1011 ;  cf. 
Gunning,  Chem.  News,  1868,  17,  138. 

®  Brnnerand  Zawadski,  Bull.  Acad.  Sci,  Cracow,  1909,  p.  312. 

^  Cf.  Strecker,  Annalen,  1866,  135,  207. 

®  Carstanjen,  J.  prakt.  Chem.,  1867.  102,  65,  129. 

®  Hawley,  loc.  cit.\  cf.  Schneider,  vide  infra-,  Carstanjen,  J.  prakt.  Chem,,  1867,  102, 
65,  159. 

’’  Schneider,  J.  prakt.  Chem.,  1870,  [ii.],  2,  164  ;  1874,  [ii.],  9,  209  ;  10,  56  ;  1890,  [ii.], 
42,  305  ;  Fogg.  Annalen,  1870,  139,  661 ;  1875,  153,  588;  Kriiss  and  Solereder,  .Ser. ,  1886, 
19,  2736. 

®  K.  A.  Hofmann  and  Hbchtlen,  Ber.,  1903,  36,  3090. 

®  Murakami,  Mem,  Coll.  Sci.  Tokyo,  1915,  i,  153  ;  cf.  Pelabon,  Compt.  rend.,  1907,  14S, 
118;  Ann.  Chim.  Phys.,  1909,  [viii.],  17,  526;  Carstanjen,  loc.  cit.\  Fabre,  A?m.  Chim. 
Phys.,  1887,  [vi.],  10,  538  ;  Kuhlmann,  Bull.  Soc.  chim.,  1864,  [ii.],  i,  330. 
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selenide  may  be  precipitated  by  passing  hydrogen  selenide  into  aqueons 
thallous  .carbonate.  It  is  decomposed  by  acids. 

Thallium  tellurides. — The  system  thallium  -  tellurium  has  been  studied 
by  the  thermal  method  by  Piilabon  and  by  Chikashige.  Thallous  telluride, 
TlgTe,  melts  at  412°,  and  is  almost  non-miscible  with  thallium.  The  telluride 
TlgTeg  (or  TlgTeg  l)  melts  at  442°.  Thallothallic  telluride,  Tl^Te.Tl^Teg, 
which  crystallises  in  long  needles,  is  not  stable  in  contact  with  a  liquid  phase 
of  the  same  composition.^ 

Thallous  sulphite,  TlgSOg,  may  be  prepared  by  adding  sulphurous 
acid  to  thallous  hydroxide  or  by  mixing  solutions  of  thallous  sulphate  and 
sodium  sulphite,  when  thallous  sulphite  is  precipitated.  It  forms  w^hite 
crystals  of  density  6 '427  at  20°,  and  is  insoluble  in  alcohol.  It  can  be 
recrystallised  from  warm  w'ater;  100  parts  of  water  at  15°  dissolve  3‘34  of 
the  salt.  2 

Thallous  thiosulphate,  Tl^SgOg,  is  obtained  as  a  white  crystalline 
precipitate  by  adding  potassium  thiosulphate  to  a  solution  of  a  thallous 
salt.  It  can  be  crystallised  from  hot  water,  and  begins  to  decompose  at 
130°.  Sodium  thallous  thiosulphate,  2Tl2S2O3.3iSra2S2O3.8H2O,  is  known.® 

Thallous  sulphate,  TlgSO^,  is  prepared  by  dissolving  thallinm  in  hot 
sulphuric  acid,  or  by  adding  thallous  hydroxide  or  carbonate  to  aqueous 
sulphuric  acid,  evaporating,  and  crystallising. 

Thallous  sulphate  crystallises  in  rhombic  prisms  (a  :  5  :  c  =  0'5555  : 1  : 
0'7328)  of  density  6'765  at  20°.^  It  is  therefore  isomorphous  with  potassium 
sulphate  (for  which  a:6:c  =  0‘5727  : 1  :  0'7418),®  and  these  two  salts  form 
a  continuous  series  of  mixed  crystals.®  Thallous  sulphate  melts  at  632°,'^ 
and  at  temperatures  above  dull  redness  it  volatilises.  The  mean  refractive 
index,  1'8708  for  the  D-line,  is  extremely  high,  the  value  for  potassium 
sulphate  being  1-4952  (Tutton). 

One  hundred  grams  of  water  dissolve  the  following  amounts  of  thallous 
sulphate : — ■  ® 

Temperature,  °C.  0°  10“  20°  30°  40°  50°  60°  70°  80°  90°  99-7° 
Grams  of  TI.2SO4  2-70  3-70  4-87  6-16  7  60  9-21  10-92  12-74  14-61  16-53  18-45 

At  a  red  heat  hydrogen  reduces  thallous  sulphate  to  a  mixture  of  sulphide 
and  metal,  and  ammonia  reduces  it  to  thallous  sulphide.® 

Numerous  double  sulphades  containing  thallous  sulphate  are  known. 
With  the  sulphates  of  the  tervalent  metals  aluminium,  chromium,  iron, 
vanadium,  gallium,  and  rhodium,  thallous  sulphate  forms  alums,  of  the 


^  Pelabon,  loc.  cit,  ■,  Chikashige,  Zeitsch.  aoiorg.  Chem.,  1912,  78,  68;  Fabre,  Ann. 
Chim.  Phys.,  1888,  [vi.],  14,  115.  According  to  Chikashige,  thallous  telluride  does  not 
exist,  but  this  conclusion  is  questionable. 

^  Seubert  and  Elten,  Zeitsch.  anorg.  Chem.,  1892,  2,  434  ;  1893,  4,  44  ;  Rohrig,  J.prakt. 
Chem.,  1888,  [ii.],  37,  217. 

®  Hebberling,  Annalen,  1865,  134,  11  ;  Werther,  J.  prakt.  Chem.,  1864,  92,  130 ;  Vort- 
mann  and  Padberg,  Ber.,  1889,  22,  2637  ;  Jochum,  Chem.  Zentr.,  1885,  p.  642, 

^  Tutton,  Proa.  Boy.  Soc.,  1907,  A,  79)  351. 

®  Von  Lang,  Phil.  Mag.,  1863,  [iv.],  25,  248  ;  Annalen,  1863,  128,  76  ;  Tutton,  loc.  cit. 
®  Stortenbeker,  Bee.  trav.  chim.,  1905,  24,  53. 

Carnelley  and  Williams,  Trans.  Chem.  Soc.,  1878,  33,  281. 

®  Earl  of  Berkeley,  Phil.  Trans.,  1904,  A,  203,  211  ;  Seidell,  Solubilities  (Crosby 
Lockwood  &  Son,  1907),  p.  338  ;  see  also  Noyes,  Farrell,  and  Stewart,  J.  Amer.  Chem.  Soc., 
1911,  33,  1650. 

®  Hodgkinson  and  French,  Chem.  News,  1893,  66,  223. 
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general  formula  Tl2S04.R'2'  (804)3. 24H20.^  With  the  sulphates  of  magnesium, 
zinc,  iron,  nickel,  cohalt,  copper,  manganese,  and  cadmium,  thallous  sulphate 
forms  a  series  of  isomorphous,  monoclinic,  double  sulphates  of  the  general 
formula  TbSO4.MSO4.6H2O,  isomorphous  with  the  corresponding  series  of  salts 
containing  ammonium,  potassium,  rubidium,  and  ceesium  in  place  of  thallium.^ 
The  crystallographic  constants,  determined  by  Werther  and  by  Tutton 
(zinc  salt),  are  as  follows : — 


Salt. 


a  h  c 


& 


Tl2SO4.MgSO4.6H2O 

Tl2SO4.ZnSO4.6H2O 

Tl2SO4.FeSO4.6H2O 

Tl2SO4.NiSO4.6H2O 

[K2SO4.ZnSO4.6H2O 


0-7422  :  1  :  0-5002 
0-7413  :  1-:  0-6010 
0-7366  :  1  :  0-4964 
0-7431  :  1  :  0-4988 
0-7413  :  1  :  0-5044 


106°  24' 
106°  16' 
105°  52' 
106°  39' 
104°  48'] 


The  density  of  the  thallium-zinc  salt  is  3-720  at  20°;  the  mean  refractive 
index  for  the  D-line  is  1-6064,  while  that  of  the  potassium  zinc  salt  is  1-4859 
(Tutton). 

Thallous  hydrogen  sulphate,  TIHSO4,  is  obtained  when  thallous 
sulphate  is  dissolved  in  sulphuric  acid  and  brought  to  constant  w- eight  at 
220°  to  240°.®  It  may  be  also  crystallised  from  a  solution  of  thallous  sulphate 
in  moderately  concentrated  sulphuric  acid,  and  exists  in  a  monoclinic  and  an 
orthorhombic  (1)  form ;  while  another  modification  would  appear  to  exist, 
since  the  salt  is  isotrimorphous  with  potassium  hydrogen  sulphate.^ 

The  acid  sulphate,  Tl3H(S04)2,  crystallises  w'hen  a  solution  of  thallous 
sulphate  with  ten  equivalents  of  sulphuric  acid  is  concentrated.  The  crystals 
are  trigonal  (a:c  =  l:3-717).®  Another  modification  probably  exists,  since 
the  salt  is  isodimorphous  with  the  corresponding  potassium  salt.® 

Thallous  pyrosulphate,  Tl2S20.^,  may  be  prepared  by  heating  thallous 
sulphate  with  sulphur  trioxide. 

Thallic  sulphate,  Tl2(S04)3. — Anhydrous  thallic  sulphate  is  said  by 
Meyer  and  Goldschmidt  to  be  obtained  by  heating  acid  thallic  sulphate  to 
220°,  The  heptahydrate,  Tl2(S04)3.7H20,  has  been  described  by  Strecker,® 
but  later  experimenters  have  failed  to  prepare  it. 

Thallic  sulphate  is  hydrolysed  by  water  with  great  readiness,  brown 
thallic  hydroxide  separating  out.®  From  a  hot  solution  of  thallic  hydroxide 
in  moderately  concentrated  sulphuric  acid  a  basic  thallic  sulphate, 
T1(0H)S04.2H20,  crystallises  out, 'accompanied  by  the  amorphous  basic  salt 
T1(0H)S04.H20.i® 


1  See  pp.  81,  82,  83,  148,  160  ;  the  subsequent  volumes  of  this  series  ;  and  Lamy,  Ann. 
Chim.  Phys.,  1863,  [iii.],  67,  385 ;  Soret,  Arch.  Sci.  phys.  nat.,  1884,  [iii.],  12,  553  ;  1888, 
[iii.],  20,  620;  Soret  and  Duparc,  ibid,,  1889,  [iii.],  21,  90  ;  Spring,  Per.,  1883,  16,  2723; 
Polis,  Per.,  1880,  13,  367  ;  Cossa,  Nuovo  Cimento,  1870,  [ii.],  3,  75  ;  Per.,  1878,  ii,  811 ; 
Stolba,  J.  Chem.  Soc.,  1874,  27,  873  ;  Locke,  Amer.  Chem.  J.,  1901,  26,  166. 

®  Werther,  J.  praJd.  Chem.,  1864,  92,  128,  351  ;  Willm,  Ann.  Chim.  Phys.,  1865,  [iv.], 
5,  5;  Lamy  and  Descloizeaux,  ibid,,  1869,  [iv.],  17,  310;  Tutton,  Proc.  Roy.  Soc.,  1910, 
A,  83,  211. 

®  Browning,  Amer.  J.  Sci.,  1900,  [iv.],  9,  137  ;  Zeitsch.  anorg.  Chem.,  1900,  23,  155. 

^  Stortenbeker,  Rec.  trav.  chim.,  1902,  21,  87  ;  1905,  24,  53  ;  1907,  26,  248. 

®  Gossner,  Zeitsch.  Kryst.  Min.,  1903,  38,  158. 

®  Stortenbeker,  loc.  cit. 

’  R.  Weber,  Per.,  1884,  17,  2502,  2707. 

®  Strecker,  Annalen,  1865,  135,  207. 

®  See  Marshall,  Proc.  Roy.  Soc.  Edin.,  1899,  22,  596. 

10  Willm,  Ann.  Chim.  Phys.,  1865,  [iv.],  5,  6;  Marshall,  loc.  cit. 
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Acid  thallic  sulphate,  H2S0^.Tl2(S04)3.8H20,  crystallises  out,  accord¬ 
ing  to  Meyer  and  Goldschmidt,  from  a  solution  of  thallic  hydroxide  in 
concentrated  sulphuric  acid. 

The  following  double  sulphates  containing  thallic  sulphate  are  known  : —  ^ 


Eb280..TL(S04),  (a,  c) 

Na2S04.Tl2(S0j3  (e) 

(NH,)2SO,.Tl2(SO,)3  (a,  c) 

3(NHJ2S0,.T12(S0,)3  (a) 


Cs2S0,.Tl2(S04)3.6H20  (b) 

Cs2S04.Tl2(S04)3.3H20  (6) 

Rb2S04.Tl,(S04)3.8H20  (a,  c,  d) 

K2S04.TL(S04)3.8H20  (a,  c,  d) 

Na,S04.Tl2(S04)3.5H20  (c) 

Li2S0,.Tl2(S04)3.6H20  (c) 

(NHJ2S0,.T12(S0,)3.8H20  -  {a,  c,  d) 


Further,  Marshall  has  prepared  the  basic  salt  of  the  formula  Tl(OH)SO^.K2SO^. 
'Thallic  ammonium  sulphate,  Tl2(S04)3.(NH4)2S0^.8H20,  crystallises  in  mono¬ 
clinic  prisms  (a  :  6  ;  c  =  0-9559  :  1  :  0-6836;  ^  =  125°  38').2 

No  alums  of  thallic  sulphate  have  yet  been  prepared,  but  Piccini  and 
Fortini  have  prepared  mixed  crystals  of  ammonium  alum  and  ammonium 
thallic  alum.® 

A  number  of  thallothalHc  sulphates  have  bfeen  described.  The 
simplest  compound,  Tl2S0^.Tl2(S04)3,  separates  from  a  sulphuric  acid  solution 
of  the  sulphates,  mixed  in  the  ratio  of  their  molecular  weights,  in  crystals 
which  are  said  by  Marshall  to  be  probably  orthorhombic.^  Marshall  has 
also  prepared  double  sulphates  of  the  formulae  5Tl2S04.Tl2(S04)3  and 
2Tl2S0^.Tl2(S04)3,  while  Willm  ®  has  described  a  compound  of  the  formula 
2TI2SO4. 3Tl2(SO  jg.  22H2O. 

By  oxidising  a  solution  of  thallous  sulphate  with  bromine  and  crystallising, 
Meyer  and  Goldschmidt  have  prepared  thallothalHc  bromosulphate,  Tl2Br2S04. 

Thallous  persulphate,  TlgSjOg,  prepared  by  double  decomposition 
between  ammonium  persulphate  and  thallous  sulphate,  or  by  the  electrolysis 
of  thallous  sulphate  in  a  divided  cell,  forms  monoclinic  crystals  isomorphous 
with  the  ammonium  salt.®  It  is  isomeric  with  thallothallic  sulphate, 
Tl2S04.Tl2(S04)3. 

Thallous  dithionate,  TlgSgOg,  is  prepared  in  aqueous  solution  from 
barium  dithionate  and  thallous  sulphate  in  equivalent  proportions.  It 
crystallises  in  shining,  monoclinic  prisms  (a  :  6  :  c  =  0-9292  : 1  :  0-3986  ;  yS  = 
96°  58')  of  density  6-673,  and  one  gram  of  the  salt  at  18-5°  dissolves  in  2-39 
grams  of  water. 

-  Potassium  dithionate  forms  trigonal  crystals,  but  with  thallous  dithionate 
it  gives  two  series  of  mixed  crystals,  so  that  each  salt  is  probably  di¬ 
morphous.®  Thallous  dithionate  is  isomorphous  and  forms  monoclinic  mixed 


I  {a)  Marshall,  Froc.  Boy.  Soc.  Edin.,  1902,  24,  305  ;  (6)  Locke,  Amer.  Chem.  J.,  1902, 
27,  280  ;  (c)  R.  J.  Meyer  and  Goldschmidt,  Ber.,  1903,  36,  238  ;  (d)  Piccini  and  Fortini, 
Zeitsch.  anorg.  Ohem.,  1902,  31,  451  ;  (e)  Strecker,  loc.  cit. 

®  Paiiichi,  Oazzetta,  1905,  35,  ii.  453. 

®  Piccini  and  Fortini,  Zeitsch.  anorg.  Chem.,  1902,  31,  451  ;  Fortini,  Gazzetta,  1905,  35, 
ii.  450. 

^  Cf.  Lepsius,  Chem.  Zentr.,  1891,  i.  694. 

5  Willm,  Ann.  Chim.  Phys.,  1865,  [iv.],  5,  5  ;  Abegg,  Anorganischen  Chemie  (Leipzig, 
1906),  vol.  iii.,  pt.  1,  p.  446. 

®  Foster  and  E.  Smith,  J,  Amer.  Chem.  Soc.,  1899,  21,  934  ;  Marshall,  ibid.,  1900,  22,  48. 

Kliiss,  Annalen,  1888,  246,  179,  284  ;  Fock,  Zeitsch.  Kryst.  Min.,  1882,  6,  160. 

®  Stortenbeker,  loc.  cit.  ' 
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crystals  with  barium  dithionate.^  It  also  forms  a  triclinic,  double  salt  with 
thallous  sulphate,  3Tl2S20fl.Tl2S04,  and  a  monoclinic  compound  with  thallous 
hydroxide,  Tl2S20g.T10H.H20.^ 

Thallous  selenite,  Tl2Se03,  prepared  from  thallous  carbonate  and 
selenious  acid,  forms  micaceous  crystals,  soluble  in  water  but  insoluble  in 
alcohol  or  ether.  Acid  thallous  selenite,  TlHSeOg,  is  more  soluble  in  water 
than  the  normal  salt.** 

Thallic  selenite  Tl2(Se03)3,  may  be  obtained  in  white  crystals  by  the 
action  of  selenious.  acid  on  thallic  hydroxide.^ 

Thallous  selenate,  Tl2Se04,  may  be  prepared  by  neutralising  selenic 
acid  with  thallous  hydroxide  or  carbonate.  It  crystallises  from  water,  in  which 
it  is  not  very  soluble,  in  orthorhombic  prisms  (a  :  &  :  c  =  0‘5551  :  1  :  0‘7243)  of 
density  6'875  at  20°,  and  is  therefore  isomorphous  with  potassium  selenate 
(a  :  &  :  c  =  0'5731  :  1  :  0'7319).  The  mean  refractive  index,  T9575  for  the 
D-line,  is  very  high,  the  value  for  potassium  selenate  being  1'5396.®  The  salt 
is  insoluble  in  alcohol  and  ether ;  it  melts  above  400°.*^ 

Thallous  aluminium  selenium  alum,  Tl2Se04.Al2(Se04)3.24H20,  is  described 
on  p.  87. 

Of  the  double  selenates  that  thallous  selenate  may  be  anticipated  to  form 
with  the  selenates  of  the  bivalent  metals,  only  the  zinc  salt,  thallous  zinc 
selenate,  Tl2SeO4.ZnSeO4.6H2O,  has  been  described.  It  forms  monoclinic 
crystals  (a  ;  i  :  c  =  0’7479  :  1  :  0'5022  ;  ^  =  105°  54')  isomorphous  with  the 
corresponding  double  sulphates  and  with  potassium  zinc  selenate  {a:b:c  = 
0-7458  :  1  :  0-5073  ;  (3  =  104°  12').7 

Thallic  selenate,  Tl2(Se04)3,  has  not  been  described,  but  ammonium- 
and  potassium-thallic  selenates,  (NH4)2Se04.Tl2(Se04)3.8H20  and  K2Se04. 
Tl2(Se04)3.8H20,  analogous  to  the  double  sulphates,  are  known.® 

Thallous  tellurate,  Tl2Te04,  obtained  from  thallous  oxide  and  telluric 
acid,  is  a  white,  amorphous,  insoluble  powder.® 

Thallous  chromate,  Tl2Cr04,  is  precipitated  when  a  solution  of  a 
thallous  salt  is  mixed  with  potassium  chromate.  It  is  also  produced  by 
adding  thallous  hydroxide  or  carbonate  to  aqueous  chromic  acid,  or  by  the 
action  of  ammonia  on  the  dichromate.  Thallous  chromate  is  a  yellow  crystal¬ 
line  powder,  very  sparingly  soluble  in  water,  100  grams  of  which  dissolve 
0-03  gram  of  the  salt  at  60°  and  0-2  gram  at  100°.^®  In  hot,  concentrated 
potassium  hydroxide  solution  thallous  chromate  is  fairly  soluble,  and  it 
separates  out  on  cooling  in  crystals  which  are  apparently  isomorphous  with 
potassium  chromate.^'-  At  a  dull  red  heat  the  chromate  melts,  and  at  higher 
temperatures  it  loses  oxygen. 


1  Kliiss,  loc.  cit.  ;  Fock,  Zeitsch.  Krysl.  Min.,  1888,  14,  340  ;  Stortenbeker,  loc.  cit. 

"  Wyrouboff,  Bull.  Soc.  fraiiQ.  Min.,  1884,  7,  139  ;  see  also  ihid.,  1882,  5,  32. 

®  Kuhlmann,  Bull.  Soc.  chim.,  1864,  [ii.],  i,  330. 

^  Marino,  Zcitsch.  anorg.  diem.,  1909,  62,  173. 

®  Tutton,  Proc.  Roy.  Soc.,  1907,  A,  79,  351  ;  Kuhlmann,  loc.  cit. 

®  Glauser,  Zeitsch.  anorg.  diem.,  1910,  66,  437. 

’  Tutton,  Proc.  Roy.  Soc.,  1910,  A,  83,  211. 

®  Fortini,  UOrosi,  1902,  25,  397. 

®  F.  W.  Clarke,  Amer.  J.  Sci.,  1878,  [iii.],  6,  201  ;  Dennis,  Doan,  and  Gill,  J.  Amer. 
Chem.  Soc.,  1896,  18,  970. 

Browning  and  Hutchins,  .4mer.  J.  Sci.,  1899,  [iv.],  8,  460;  Zeitsch.  anorg.  diem., 
1900,  22,  380. 

Lepierre  and  Lachaud,  Compt.  rend.,  1891,  II3,  196. 
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Xhallous  dichromate,  Tl2Cr207,  is  precipitated  as  an  orange-red, 
crystalline  powder  when  solutions  of  a  soluble  thallous  salt  and  potassium 
dichromate  are  mixed  (Crookes),  and  is  also  obtained  by  the  action  of 
sulphuric  acid  on  the  chromate  (Willm). 

Thallous  trichromate,  TlgCrgO^q,  a  red,  crystalline,  sparingly  soluble 
salt,  is  obtained  by  the  action  of  nitric  acid  on  the  dichromate,  or  of  con¬ 
centrated  sulphuric  acid  on  the  chromate  (Crookes ;  Willm). 

Thallous  chlorochromate,  Cr02(0Tl)Cl,  obtained  from  thallous 
chloride  and  chromic  acid,  forms  small,  prismatic  crystals,  decomposed  by 
water.  ^ 

Thallic  chromate,  Tl2(CrO  4)3,  has  not  yet  been  prepared,  hut  potassium 
thallic  chromate,  K2Cr04.Tl2(Cr04)g.4H20,  is  known  as  a  yellow,  crystalline 
salt,  decomposed  by  water.^ 

Thallous  molybdate,  TI2M0O4,  is  obtained  as  a  white,  sparingly  soluble, 
crystalline  solid  by  double  decomposition,  or  by  heating  a  solution  of  a 
thallous  salt  with  molybdic  acid.  More  complex  molybdates  of  the  formulae 
TlgO.llMoOg,  STlgO.SMoOg,  TI2O.4M0O3.H2O,  and  5X120. 12M0O3,  have  also 
been  described.® 

Thallous  phosphomolybdate,  3TI2O.P2O5.2OM0O3,  has  been  described 
by  Debray  and  thallous  silicomolybdate,  2Tl20.Si02.13MoOg.a;H20,  by 
Parmentier.® 

Thallous  tungstate,  TI2WO4,  is  obtained  by  heating  aqueous  thallous 
carbonate  with  tungstic  oxide,  as  a  sparingly  soluble,  white,  crystalline  solid.® 

Thallous  phosphotungstate,  Tl2O.P2O5.i2WO3.4H2O,  has  been  de¬ 
scribed;^  also  acid  thallous  silicotungstate,  Tl20.H20(Si02.12W0g).9H20.® 

Thallium  uranates.® 

Thallium  and  the  Nitrogen  Group. 

Thallous  azide  (liydronitride,  hydrazoate),  TlNg,  is  precipitated  as  a 
white,  crystalline  solid  when  solutions  of  thallous  sulphate  or  nitrate  and 
sodium  azide  are  mixed.  It  is  sparingly  soluble  in  cold,  more  readily  soluble 
in  hot  water,  from  which  it  separates  on  cooling  in  tetragonal  needles 
(a  :  c  =  1  :  0‘5881)  isomorphous  with  the  potassium  and  rubidium  salts.^® 
Thallous  azide  slowly  turns  brown  in  sunlight.  It  melts  at  334°  in  an 
atmosphere  of  carbon  dioxide,  and  is  reduced  to  thallium  when  heated  in 
hydrogen.  When  suddenly  heated  or  subjected  to  shock,  it  explodes. 

Thallothallic  azide,  TlNg.T^Ngjg,  separates  in  yellow,  orthorhombic 
needles  when  .thallic  hydroxide  is  dissolved  in  aqueous  hydrazoic  acid  and 
the  solution  evaporated  in  vacuum  over  sulphuric  acid.  It  is  very  explosive. 


1  Lepierre  and  Lachaud,  Compt.  rend.,  1891,  113,  196. 

®  Hawley,  J.  Amer.  Chem.  Soc.,  1907,  29,  300. 

®  Delafontaine,  Arch.  Sci.  phys.  nat,  1867,  30,  232  ;  Flemming,  Jahresher.,  1868,  p.  250  ; 
Junius,  Zeitsch.  anorg.  Chem.,  1905,  46,  428;  Wempe,  ibid.,  1912,  78,  298. 

^  Debray,  Compt.  rend.,  1868,  66,  704. 

®  Parmentier,  Compt.  rend.,  1881,  92,  1234. 

“  Flemming,  loc.  cit.  ;  see  also  Schaefer,  Zeitsch.  anorg.  Chem.,  1904,  38,  142. 

Pechard,  Ann.  Chim.  Phys.,  1891,  [vi.],  22,  187. 

®  Wyrouboff,  Bull.  Soc.  franc.  Min.,  1896,  19,  219. 

®  Bolton,  Amer.  Chemist,  1872,  2,  456. 

Kosenbiisch,  Zeitsch.  Kryst.  Min.,  1900,  33,  99. 

Dennis,  Doan,  and  Gill,  J.  Amer.  Chem.  Soc.,  1896,  18,  970  ;  Curtins  and  Rissom, 
J.  prakt.  Chem.,  1898,  [ii.],  58,  261. 
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Hot  water  decomposes  the  compound,  thallic  hydroxide  being  precipitated 
and  thallous  azide  remaining  in  solution. 

Thallium  nitride,  TI3N,  is  obtained  as  a  black  precipitate  when  liquid 
ammonia  solutions  of  thallous  nitrate  and  potassium  amide  are  mixed  : — 

3TINO3  +  3KNH2  =  TI3N  +  3KNO3  +  2NH3. 

It  dissolves  in  a  liquid  ammonia  solution  of  ammonium  nitrate,  re-forming 
thallous  nitrate ; — 

TI3N  +  3NH4.NO3  =  3TINO3  +  4NH3, 

and  also  dissolves  when  excess  of  potassium  amide  is  added.  The  latter 
solution  when  evaporated  at  -  40°  deposits  yellow  crystals  of  potassium  amide 
and  dipotassium  ammonothallite,  TINK2.4NH3,  a  compound  which  dissociates 
at  20°  in  vacuum,  leaving  the  compound  T1NK2.2NH3.^ 

Thallium  phosphide. — According  to  Lamy,  thallium  and  phosphorus 
combine  when  heated,  but  no  definite  compound  has  yet  been  isolated.® 

Thallium  arsenide. — When  thallium  and  arsenic  in  atomic  proportions 
are  heated  together,  a  white,  soft,  crystalline  mass  is  obtained,  which  is  de¬ 
composed  by  cold  acids,  arsine  being  evolved.^ 

Thallium  antimonide  resembles  the  arsenide  and  is  prepared  in  a 
similar  manner.® 

Thallous  nitrite,  TlNOg,  is  prepared  by  mixing  solutions  of  thallous 
sulphate  and  barium  nitrite,  filtering,  evaporating  the  filtrate  in  vacuum,  and 
adding  alcohol.  It  forms  orange-red  crystals.  The  concentrated  aqueous 
solution  is  yellow,  but  dilute  solutions  are  nearly  colourless.  The  dry  salt 
has  a  low  melting-point;  it  is  unchanged  at  140°,  but  at  higher  temperatures 
decomposes  into  thallous  oxide  and  oxides  of  nitrogen,  its  stability  beiug 
much  inferior  to  that  of  the  alkali  nitrites.® 

Triple  nitrites  containing  thallium  are  known.'^ 

Thallous  nitrate,  TINO3. — Thallium  dissolves  readily  in  nitric  acid; 
and  by  dissolving  the  metal,  thallous  oxide,  hydroxide,  or  carbonate  in  nitric 
acid,  a  solution  of  thallous  nitrate  is  obtained  from  which  the  salt  crystallises 
in  the  anhydrous  state  in  orthorhombic  prisms  (a  :  6  :  c  =  0‘5109  :  1  :  0‘6507) 
of  density  5  55.®  At  72* *8°  the  rhombic  substance  changes  into  a  rhombo- 
hedral  form,  which  at  142 ‘5°  changes  to  a  cubic  modification  ;  and  this,  at 
205°,  melts.®  On  cooling,  the  reverse  changes  take  place.  The  transition 
at  72'8°  is  a  very  slow  process.  At  temperatures  above  300°  decomposition 
of  the  nitrate  takes  place ;  it  is  rapid  at  450°,  crystalline  thallic  oxide  being 
left,  and  o.xygen,  nitrogen,  and  oxides  of  nitrogen  being  evolved.^®  A  little 
of  the  nitrate  volatilises  unchanged. 


^  Dennis,  Doan,  and  Gill,  loc.  cit. 

2  Franklin,  J.  Physical  Chem.,  1912,  i6,  682. 

®  Willm ;  Carstanjen  ;  Flemming,  Jahresber.,  1868,  p.  250. 

*  Carstanjen,  J.  prakt.  Chem.,  1867,  I02,  65,  129. 

®  Carstanjen,  loc.  cit.  ;  Omodei,  Jahresber.,  1892,  p.  153. 

®  A'ogel,  Zeitsch.  anorg.  Chem.,  1903,  35,  403  ;  Thomas,  Compt.  rend.,  1904,  138,  1697  ; 
Ball  and  Abram,  Trans.  Chem.  Soc.,  1913,  103,  2132. 

’  Przibylla,  Zeitsch.  anorg.  Chem.,  1898,  18,  448  ;  Ball  and  Abram,  Tracis.  Chem.  Soc., 
1913,  103,  2116. 

®  La.m J,  Ann.  Chim.  Phys.,  1863,  [iii.],  67,  385  ;  Lamy  and  Descloizeaux,  1869, 
[iv.],  17,  310  ;  Miller,  Proc.  Roy.  Soc.,  1865,  14,  556. 

®  Van  Eyk,  physikal.  Chem.,  1905,  51,  721;  1899,  30,  430  ;  Gossner,  Zeitsch. 

Krijst.  Min.,  1903,  38,  110  ;  Hetgers,  Jahrh.  Mm.,  1896,  ii.  183, 

Thomas,  Compt.  rend.,  1904,  138,  1697. 
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Thallous  nitrate  is-  insoluble  in  alcohol.  Its  solubility  in  water  is  given 
in  the  following  table  : —  ^ 

t  °C.  0°  10°  20°  30°  40°  60°  60°  70°  80°  90°  100°  106° 

a  3-76  6-86  8-72  12-61  17-33  23-33  31-66  41-01  52-60  66-66  80-64  85-59 

h  3-91  6-22  9-55  14-3  20-9  30-4  46-2  69-5  llUO  2000  414-0  594-0 

A  saturated  solution  in  contact  with  excess  of  the  salt  boils  at  105°. 

Mixtures  of  molten  thallous  nitrate  and  silver,  mercurous,  or  mercuric 
nitrate  are  useful  liquids  in  which  to  effect  the  separation  of  minerals  by 
density  differences.  The  following  melting-points  and  densities  are  due  to 
Retgers : —  ^ 

Composition  of  salt  .  TlNOg  TlAg(N03)2  TlHg(N03)2  Tl2Hg(N02)4 

Density  of  liquid  .  5-3  4-8  "  5-3  5-0 

Melting-point  °C.  .  205°  70°  76°  110° 

When  thallous  nitrate  is  dissolved  in  cold  nitric  acid  (density,  1-5)  and 
the  solution  is  cooled  below  0°  C.  acid  thallous  nitrate,  TINO3.2HNO3, 
crystallises  out.  The  compound  melts  below  the  ordinary  temperature.^ 

With  sodium  nitrate,  thallous  nitrate  forms  neither  a  compound  nor 
mixed  crystals.^ 

From  a  study  of  the  crystals  deposited  from  a  solution  containing  both 
potassium  nitrate  and  thallous  nitrate,  it  has  been  concluded  that  these  two 
salts  are  isodimorphous.^  The  fusion  curve  indicates  that  two  series  of  solid 
solutions  separate  out.  The  series  containing  excess  of  thallous  salt  is  cubic, 
the  other  series  being  rhombohedral.  These  mixed  crystals  are  transformed 
at  lower  temperatures  into  other  crystalline  modifications,  and  the  various 
regions  of  stability  are  indicated  in  the  diagram  (fig.  18).® 

Rubidium  nitrate,  and  also  coesium  nitrate,  forms  a  continuous  series  of 
cubic  mixed  crystals  with  thallous  nitrate.  The  cubic  crystals  become 
rhombohedral  at  lower  temperatures,  and  those  with  a  very  high  thallium 
content  become  orthorhombic  at  still  lower  temperatures.  Cubic  crystals 
always  separate  from  the  fused  mixtures,  except  those  very  rich  in  rubidium, 
which  crystallise  first  in  rhombohedral  crystals  different  from  those  already 
mentioned.'^ 

Ammonium  nitrate  forjns  a  continuous  (?)  series  of  cubic  mixed  crystals 
with  thallous  nitrate.  These  crystals  separate  from  fused  mixtures  of  the 
nitrate  on  cooling.  Two  other  series  of  mixed  crystals  are  stable  at  lower 
temperatures.® 

1  Earl  of  Berkeley,  Phil,  Trans.,  1904,  A,  203;  fitard,  Ann.  Chim.  Phys.,  1894, 
[vii.],  2,  527  ;  Seidell,  Soluhilities  (Crosby  Lockwood  &  Son,  1907),  p.  337.  In  table 
given,  a=:grams  TINO3  per  100  grams  of  solution,  and  6  =  grams  TINO3  per  100  grams  ot 
water. 

2  Retgers,  Jahrh.  Min.,  1893,  i.  90;  1896,  ii.  183;  Penfield  and  Kreider,  Amer.  J. 
Sci.,  1894,  [iii.],  48,  141. 

^  H.  L.  Wells  and  Metzger,  Chem,  J.,  1901,  26,  271;  cf,  Ditte,  Com/pt.  rend,, 

1879,  89,  576,  641. 

^  Van  Eyk,  Zeitsch.  physikal.  Chem.,  1905,  51!  721  ;  Chem.  News,  1905,  91,  296. 

®  Fock,  Zeitsch.  Kryst.  Min.,  1880,  4,  583;  1897,  28,  337. 

®  Van  Eyk,  Proc.  K,  Akad.  Wetensch.  Amsterdam,  1899,  i,  229  ;  Zeitsch.  •physikal. 
Chem.,  1899,  30,  430;  1905,  51,  721;  Chem.  Neios,  1905,  91,  295.  See  also  Wallerant, 
Bull.  Soc. /rang.  Min.,  1905,  28,  311;  Gossner,  Zeitsch.  Kryst.  Min.,  1903,  38,  110; 
Stortenbeker,  Zeitsch.  physikal.  Chem.,  1903,  43,  629. 

Wallerant,  loc.  cit. 

®  Wallerant,  loc.  cit.  ;  Compt.  rend.,  1905,  140,  1045. 
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Silver  nitrate  forms  no 
compound,  TlNOg.AgNOg, 
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TINO3  Mo/ec  Composition.  KNOj 


Fig.  18. — Equilibrium  diagram 
for  the  system  thallous 
nitrate — potassium  nitrate. 


mixed  crystals  with  thallous  nitrate,  but  forms  a 
which  melts  at  82-8°,  and  only  separates  as  the 
initial  solid  phase  from  fused  mixtures  containing 
48  to  52  molecules  per  cent,  of  thallous  nitrate.^ 
One  or  two  other  double  nitrates  are  known.^ 
Thallic  nitrate,  Tl(]Sr03)3,  is  prepared  by 
dissolving  thallic  oxide  in  nitric  acid.  It  separates 
from  an  acid  solution  in  large,  colourless,  trans¬ 
parent,  deliquescent  crystals  which  contain 
3H2O.3  The  salt  is  readily  hydrolysed  by  water, 
and  is  easily  decomposed  by  heat. 

The  double  salt  potassium  thallic  nitrate, 
K2Tl(N0g)5.H20,  readily  crystallises  from  a  solu¬ 
tion  of  the  mixed  nitrates  in  nitric  acid  (R.  J. 
Meyer). 

Thallothallic  nitrate,  T1(N03)3.2T1N03,  is 
readily  obtained  by  dissolving  thallous  nitrate  in 
warm  nitric  acid  of  density  T50.  The  double 
salt  separates  in  prisms,  melts  at  150°,  and  is 
stable  in  dry  air.^ 

Thallous  hypophosphite,  TIH2PO2,  is  a 
sparingly  soluble  salt  which  crystallises  in  rhombic 
bipyramids  {a-.h  :  c  =  0'786  :  1  :  0‘806).  It  melts 
at  150°,  and  at  higher  temperatures  decomposes, 
evolving  phosphine  and  leaving  a  residue  of 
thallous  meta-  and  pyro-phosphates.® 

Thallous  hypophosphate,  Tl4P20g,  from 
thallous  carbonate  and  hypo-phosphoric  acid,  is 
a  sparingly  soluble  salt,  which  turns  blue  when 
exposed  to  light,  and  decomposes  at  250°  into 
thallium  and  thallium  metaphosphate. 

The  acid  hypophosphate,  Tl2H2P20g,  pre¬ 
pared  from  the  acid  barium  salt  and  thallous 
sulphate,  forms  monoclinic  crystals,  slightly 
It  melts  at  200°  and  evolves 


soluble  in  cold,  more  readily  in  hot  water, 
phosphine  at  higher  temperatures.*' 

Trithallous  orthophosphate,  TI3PO4,  is  obtained  by  adding  excess  of 
thallous  carbonate  to  phosphoric  acid,  by  mixing  thallous  sulphate  and 
disodium  hydrogen  phosphate  and  adding  a  little  ammonia,  or  by  fusing 
thallium  metaphosphate  with  two  molecular  proportions  of  sodium  carbonate. 
It  crystallises  in  long,  colourless,  anhydrous  needles  of  density  6-89,  and 
melts  at  a  red  heat.  One  litre  of  a  saturated  aqueous  solution  contains  4'97 
grams  of  the  phosphate  at  15°  and  6’71  at  100°.  The  phosphate  is  insoluble 


^  Vail  Eyk,  Proc.  K,  Akad.  IVetensch.  Amsterdam,  1900,  2,  480  ;  Zeitsch,  physikal. 
Chem.,  1905,  51,  721  ;  Chem.  News,  1905,  91,  295. 

®  Seep.  268,  and  R.  J.  Meyer  and  Wendel,  Bar.,  1903,  36,  4055. 

®  Strecker,  Annalen,  1865,  135,  207  ;  R.  J.  Meyer,  Zeitsch.  anorg.  Chem,,  1900,  24, 
321.  Willm  gave  4H2O  instead  of  3H2O. 

■*  Wells  and  Beardsley,  Amer.  Chem.  J.,  1901,  26,  275. 

®  Rammelsberg,  Ber.,  1872,  5,  492. 

®  Joly,  Compt.  rend.,  1894,  n8,  649  ;  Rammelsberg,  J.  prakt.  Chem.,  1892,  [ii.], 
45,  156. 
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in  alcohol,  but  dissolves  readily  in  aqueous  solutions  of  ammonium  salts. 
The  aqueous  solution  has  an  alkaline  reaction.’^ 

Dithallous  hydrogen  phosphate,  TlgHPO^.HgO,  may  be  prepared 
by  neutralising  a  boiling  solution  of  phosphoric  acid  with  thallous  carbonate, 
evaporating  the  liquid  to  a  syrup,  and  allowing  it  to  crystallise.  The  crystals 
are  orthorhombic  {a  :h  :  c  =  0'934  ;  1  :  0'657)  and  isomorphous  with  sodium 
dihydrogen  phosphate,  NaHjPO^.HgO.^  The  anhydrous  salt  has  a  density  of 

Thallous  dihydrogen  phosphate,  TIH2PO4,  is  obtained  by  adding 
phosphoric  acid  to  a  solution  of  the  foregoing  salt  and  crystallising  the 
solution.  It  crystallises  in  pearly  plates  or  long  needles,  which  are  monoclinic 
{a  \h  \  c  =  3‘l76  :  1  :  1'468 ;  y8  =  9T  44')  and  isomorphous  withdi  -ammonium 
hydrogen  phosphate,  (NH^jgHPO^.  The  salt  melts  at  190° ;  its  density  is 
4'723.  The  aqueous  solution  has  an  acid  reaction.^  According  to  Lamy  and 
Descloizeaux,  there  exists  a  double  salt  of  the  formula  TI2HPO4.2TIH2PO4. 

Thallous  pyrophosphate,  Tl^PgO^,  is  prepared  by  heating  dithallium 
hydrogen  phosphate  to  dull  redness.  It  dissolves  in  water  (with  the 
separation  of  some  insoluble  white  powder),  and  on  evaporating  the  solution, 
beautiful,  lustrous  monoclinic  crystals  (a  :  5  :  c  =  1  '427  :  1  :  1  ‘2921  ;  =  1 14°  O') 

of  the  anhydrous  pyrophosphate  separate.  On  standing,  the  mother  liquor 
deposits  monoclinic  crystals  (a  :  h  ;  c  =  2-1022  : 1  ;  1-9217 ;  jS  =  114°  57')  of  the 
dihydrate,  Tl^PgO^.  2H2O.  The  density  of  the  anhydrous  salt  is  6-786.® 

An  acid  pyrophosphate,  TlgHgPgO,,  is  obtained  by  heating  dihydrogen 
thallium  phosphate  to  240°.  It  is  readily  soluble  in  water,  from  which  it 
crystallises  in  small,  short  prisms,  melts  at  270°,  and  is  converted  into  the 
metaphosphate  at  a  red  heat.® 

Thallous  metaphosphate,  TIPO3,  is  obtained  as  a  white  solid,  sparingly 
soluble  in  water,  by  heating  dihydrogen  thallium  phosphate  to  redness.  A 
more  soluble  modification  is  said  to  be  formed  by  heating  di-ammonium 
thallium  phosphate.’ 

Thallous  thiophosphate,  TI3PS4,  prepared  by  heating  thallous  sul¬ 
phide  with  phosphorus  pentasulphide,  is  a  yellow,  crystalline  solid,  insoluble 
in  water,  alcohol,  ether,  benzene,  and  carbon  disulphide.® 

Thallic  orthophosphate,  TIPO4.2H2O,  is  said  by  Willm  to  be  obtained 
by  adding  phosphoric  acid  to  concentrated  thallic  nitrate  solution,  and  then 
adding  water.  It  is  described  as  a  white,  very  sparingly  soluble  substance, 
readily  hydrolysed  by  boiling  water.® 

Thallous  orthoarsenite,  TlgAsOg,  is  a  yellow,  crystalline  solid,  spar¬ 
ingly  soluble  in  water-,  obtained  by  boiling  a  solution  of  thallous  sulphate 
with  potassium  arsenite  and  a  little  potassium  hydroxide.^® 


^  Crookes;  Willm;  Lamy,  Ann.  CMm.  Phys.,  1865,  [iv.],  S>  410;  Bull,  Soc.  cMm., 
1869,  [ii.],  II,  210;  Eammelsberg,  Ber.,  1870,  3,  276;  1882,  15,  2228  ;  Fogg.  Annalen, 
1872,  146,  592. 

2  Eammelsberg,  loc.  cit.]  Lamy,  loc.  eit.\  Lamy  and  Descloizeaux,  Ann.  Ghim.  Phys.^ 
1869,  [iv.],  17,  310, 

3  Schroder,  Ber.,  1874,  7,  676. 

^  Eammelsberg,  loc.  cit. ;  Lamy  and  Descloizeaux  loc.  dt. 

®  Lamy,  loc.  cit. ;  Lamy  and  Descloizeaux,  l-oe.  cit. 

®  Lamy,  loc.  cit.-,  Brand,  Zeitsch.  anal.  Chem.,  1889,  28,  595. 

’  Lamy,  loc.  cit. 

®  Glatzel,  Zeitsch.  anorg.  Ghem.,  1893,  4,  186. 

®  Willm,  Ann.  Ghim.  Phys.,  1865,  [iv.],  5,  5  ;  Strecker,  Annalen,  1865,  135,  207. 
Stavenhagen,  J.  prakt.  Ghem.,  1895,  [ii.],  5I>  L 
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Trithallous  orthoarsenate,  TlgAsO^,  is  obtained  as  a  white,  crystalline 
precipitate  by  adding  ammonia  to  an  aqueous  solution  of  thallium  dihydrogen 
arsenate.^ 

Dithallous  hydrogen  arsenate,  TlgHAsO^,  is  obtained  by  neutralising 
a  boiling  solution  of  arsenic  acid  with  thallous  carbona.te  and  cooling  the 
solution.^  It  forms  long,  transparent  needles,  readily  soluble  in  water. 
When  strongly  heated  it  gives  off  water,  and  then  decomposes,  leaving  a  black 
residue  of  thallic  oxide  (Lamy). 

Thallous  dihydrogen  arsenate,  TIH2ASO4,  was  prepared  by  Willm  by 
boiling  a  solution  of  arsenious  acid  with  thallic  oxide,  concentrating,  and 
crystallising.  It  forms  glittering,  colourless  needles  and  is  readily  soluble  in 
water.i 

Thallic  orthoarsenate,  TIASO4.2H2O,  has  been  described  by  Willm.^ 

Thallous  metantimonate,  TlSbOg.  211^0  has  been  described  by  Beilstein 
and  Blase.  ^ 

Thallous  vanadates  (see  Vol.  VI.  of  this  series). 


Thallium  and  the  Carbon  Group. 

Thallous  carbonate,  TlgCOg,  is  obtained  by  passing  carbon  dioxide 
into  thallous  hydroxide  solution,  by  exposing  granulated  thallium  to  warm 
air  for  some  time  and  then  heating  it  with  ammonium  carbonate  solution, 
or  by  shaking  and  heating  barium  carbonate  v/ith  thallous  sulphate  solution. 
The  carbonate  crystallises  from  water  in  colourless,  glittering,  monoclinic 
prisms  (a  :  6 : 'c=  1-3956  :  1  :  T9586  ;  /1  =  94°  47')  of  specific  gravity  7-164,® 
melts  at  273°,^  and  at  high  temperatures,  loses  carbon  dioxide.  The 
carbonate  is  insoluble  in  alcohol ;  100  grams  of  water  dissolve  the  following 
amounts  of  the  salt  (Lamy,  Crookes) : — 

Temperature,  °C.  15-5°  18°  62°  100-8° 

Grams  of  TlgCOg  4-02  5-23  12-9  22-4 

The  solution  has  a  caustic  taste  and  an  alkali^^  reaction. 

An  acid  carbonate  is  not  known  in  t’L/  pure  state,  in  spite  of  various 
attempts  to  prepare  it.®  A  basic  carbonate  hijis  been  described.® 

Thallous  cyanide,  TICJST,  may  be,  obtained  by  adding  thallous 
hydroxide  to  prussic  acid,  or  by  mixing  ^concentrated  solutions  of  thallous 
nitrate  and  potassium  cyanide,  when  thajlous  cyanide  is  precipitated.'^  It  is 
best  prepared  from  barium  cyanide  an,d  thallous  sulphate.  It  crystallises 
from  water,  in  which  it  is  not  very  soluble,  in  glittering  plates.  When 
heated  it  decrepitates,  melts,  and  decom’poses. 

One  hundred  grams  of  water  dissolve  8-67  at  0°,  15-17  at  14°,  and  29-57 
grams  at  31°,  of  thallous  cyanide.  Th  e  solution  reacts  alkaline  and  smells  of 
prussic  acid.  The  cyanide  is  soluble  in  alcohol,  but  very  sparingly  soluble 


^  Willm,  loe.  cit.  / 

^  Beilstein  and  Bliise,  Chem.  Zentr.,  1B89,  803. 

3  Lamy  and  Descloizeaux,  Ann.  Chfim.  Phys.,  1869,  [iv.],  17,  310  ;  Miller,  Proc. 
Roy.  Soc.,  1865,  14,  655.  f 

*  Carnelley,  Trans.  Chem.  Soc.,  18781,  33,  273. 

^  Carstanjen,  J.  prakt.  Chem.,  186i7,  102,  65,  129  ;  Giorgis,  Gaazetta,  1894,  24,  ii. 
474  ;  Atti  R.  Accad.  Lincei,  1894,  [v.]/,  3,  ii.  104. 

®  Wyrouboff,  Bull.  Soc.  frang.  Min',.,  1889,  12,  536, 

’  Crookes  ;  Kulilmann,  Compt.  rei^id.,  1862,  55,  607. 
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in  mixture  of  alcohol  and  ether.  It  dissolves  in  aqueous  potassium 
cyanide,  forming  soluble  potassium  thallium  cyanide^  and  forms  numerous 
double  and  complex  cyanides  with  other  cyanides.^ 

Thallothallic  cyanide,  T10N.T1(CN)3,  i®  prepared  by  dissolving  thallic 
oxide  in  aqueous  prussic  acid,  and  crystallises  from  the  solution  in  colour¬ 
less,  orthorhombic  crystals.  One  hundred  grams  of  water  dissolve  9‘75,  16* *29, 
and  27*31  of  the  salt  at  0°,  12°,  and  30°  respectively,  giving  a  neutral  solu¬ 
tion  in  which  the  salt  is  probably  dissociated  into  the  ions  Th  and  Tl(C]Sr)/.2 
From  the  coM,  aqueous  solution,  alkalies  precipitate  thallic  hydroxide,  but  no 
precipitate  is  produced  by  ammonia.  At  125°  to  130°  the  salt  melts  and 
decomposes.® 

Thallous  cyanatc,  TICNO,  precipitated  in  small,  glittering  crystals 
by  mixing  alcoholic  solutions  of  thallous  acetate  and  potassium  cyanate,  is 
very  soluble  in  water.^ 

Thallous  thiocyanate,  TICNS,  is  precipitated  as  small,  white,  tetra¬ 
gonal  crystals  (a:c=l  :  0*5593)  when  aqueous  solutions  of  thallous  nitrate 
and  potassium  thiocyanate  are  mixed.®  One  hundred  grams  of  water 
dissolve  0*316,  0*392,  and  0*732  grams  of  the  salt  at  19*94°,  25°,  and  39*75° 
respectively.® 

The  double  salt,  TICNS.KCNS,  crystallises  from  a  solution  .of  thallous 
and  potassium  thiocyanates.’’  The  compound,  Tl2Pt(ONS)g.9NH3,  is  also 
known.® 

Thallous  oxalate,  TI.3C2O4,  prepared  from  thallous  carbonate  and 
oxalic  acid,  crystallises  from  boiling  water,  in  which  it  is  not  very  soluble, 
in  small,  pearly,  monoclinic  prisms  (a\h  •.  c  =  1*1384  : 1  ;  2*2405;  ^8  =  99°  13') 
of  density  6*M.  One  litre  of  a  saturated  aqueous  solution  of  the  salt 
contains  16*77  grams  of  the  oxalate  at  20°,  and  18*69  at  25°. ®  Thallium 
hydrogen  OX9,late,  TlHCgO^,  also  crystallises  in  monoclinic  prisms. 

Thallic  oxalate,  Tl2(C204)3,  is  precipitated  when  alcoholic  solutions  of 
thallic  formate  and  oxalic  acid  are  mixed.  It  is  not  very  stable.  Thallic 
hydrogen  oxalate,  T1H(C204)2.3H20,  is  readily  obtained  as  a  white, 
sparingly  soluble,  crystalline  powder,  by  the  action  of  aqueous  oxalic  acid  at 
26°  on  thallic  hydroxide  or  an  acetic  acid  solution  of  thallic  acetate.  The 
corresponding  potassium  and  ammonium  salts  may  be  obtained  by  precipitat¬ 
ing  acid  solutions  of  thallic  salts  with  potassium  and  ammonium  oxalate 
respectively.  More  complex  oxalates  are  also  known,  and  also  thallothallic 
oxalate,  Tl2(C204)2.3H20.i° 


1  Fronmiiller,  Ber.,  1873,  6,  1.178;  1878,  ii,  91;  Fischer  and  Benzian,  Ckem. 
Zeit.,  1902,  26,  49;  Cunningham  and  F.  M.  Perkin,  Trans.  Chem.  Soc.,  1909,  95, 
1569.  Yov/erro-fferri-,  and  cobalt-cyanides,  see  Vol.  IX. 

2  GoldschmiAt,  Inaugural  ^Dissertation  1903). 

®  Fronmiiller,  loc.  cit. 

*  Kuhlmann,  Compt.  rend.,  1862,  55,  607. 

s  Miller,  Proe.  Roy.  Soc.,  1865,  14,  565  ;  Phil.  Mag.,  1866,  [iv.],  31,  153. 

®  Bottger,  Zeitsch.  physical.  Chem.,  1903,  46,  602  ;  A.  A.  Noyes,  ibid.,  1890,  6,  249  ; 
Noyes  and  Abbot,  ibid.,  1895,  16,  132. 

’  Carstanjen,  J.prakt.  Chem.,  1867,  102,  65,  129. 

®  Peters,  Zeitsch.  anorg.  Chem.,  1912,  77>  1^7. 

®  Lamy  and  Descloizeaux,  Ann.  CMm.  Phys.,  1869,  [iv.],  17,  310 ;  Abegg  and  Spencer, 
Zeitsch  anorg.  Chem.,  1905,  46,  406. 

1“  Eabe  and  Steinmetz,  Ber.,  1902,  35,  4447  ;  Zeitsch.  anorg.  Chem.,  1903,  37,  88; 
R.  J.  Meyer  and  Goldschmidt,  Ber.,  1903,  36,  238  ;  Abegg  and  Spencer,  Zeitsch.  anorg. 
Chem.,  1905,  44,  379;  46,  406;  Abegg  and  Schaefer,  ibid.,  1906,  45,  293;  Strecker, 
Annalen,  1865,  135,  207. 
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Thallium  alkyl  compounds. — Thallium  compounds  analogous  to  the 
aluminium  tri-alkyls  have  not  yet  been  prepared,  but  numerous  compounds 
of  the  type  Tl(Alkyl)2X  are  known.  They  must  be  looked  upon  as  binary 
electrolytes,  which  dissociate  thus  : — 

Tl(Alkyl)2X^Tl(Alkyl)2-  +  X', 

a  view  in  accordance  with  the  conductivities  of  their  solutions,  and  with  the 
fact  that  they  are  quite  stable  towards  boiling  aqueous  ammonia  and  alkali 
hydroxides. 

The  thallium  alkyl  chlorides  are  readily  prepared  by  the  general 
reaction : — 

TICI3  -I-  2Mg. Alkyl. Cl  =  Tl(Alkyl)2Cl  +  2MgCl2, 

the  reagents  being  mixed  in  dry  ethereal,  solution.  The  bromides,  iodides, 
carbonates,  etc.,'  may  then  be  prepared  by  double  decomposition.  The  salts 
crystallise  well,  and  are  only  sparingly  soluble  in  water.  The  hydroxides  are 
strong  bases,  and  readily  absorb  carbon  dioxide.  The  alkyl  compounds  thus 
bear  a  great  resemblance  to  the  thallous  compounds.^ 

ThalloUS  Alcoholates. — Anhydrous  thallous  oxide  dissolves  in  absolute 
alcohol,  producing  an  alcoholic  solution  of  thallous  ethoxide,  O2H5.O.TI. 
A  better  method  of  preparation  consists  in  suspending  very  thin  thallium 
foil  over  absolute  alcohol  in  an  apparatus  through  which  pure,  dry  oxygen  is 
slowly  passed.  Even  at  ordinary  temperatures  the  thallium  rapidly  dis¬ 
appears.  The  alcoholic  solution  thus  obtained  is  heated  to  100°  to  remove 
excess  of  alcohol,  and  thallous  ethoxide  is  thereby  obtained  as  a  yellow,  oily 
liquid.  The  density  of  the  liquid  is  3‘522  at  20°,  and  3‘562  at  0°,  so  that  it 
is  an  extremely  heavy  liquid.  The  refractive  index  for  sodium  light,  1'6826 
at  20°,  is  also  very  high.  Thallous  ethoxide  is  readily  hydrolysed  by  water 
to  thallous  hydroxide  and  ethyl  alcohol.  The  corresponding  amyl  derivative 
is  an  oily  liquid,  but  the  methyl  compound  is  a  solid  the  specific  gravity  of 
which  is  about  five.^ 

Thallous  acetylacetonate,  (CH3.C0)2CH.T1,  prepared  by  heating 
thallous  hydroxide  with  an  alcoholic  solution  of  acetylacetone,  crystallises  in 
flat,  colourless  needles,  and  melts  with  decomposition  at  153°-160* *.® 

Other  organic  derivatives  containing  thallium  cannot  be  described  here, 
but  the  appended  references  to  the  literature  may  be  of  use.^ 

Thallous  Silicates. — Thallous  oxide  or  carbonate  reacts  with  silicic 
acid  after  the  manner  of  the  corresponding  sodium  and  potassium  compounds.® 
A  crystalline  silicate  of  the  composition  3Tl2O.2SiO2.H2O  has  been  described 
by  Wyrouboff.® 


^  R.  J.  Meyer  and  Bertheim,  Ber.,  1904,  37,  2051  ;  Shukoff,  Ber.,  1905,  38,  2691  ; 
Hansen,  Ber.,  1870,  3,  9  ;  Hartwig,  Ber,,  1874,  7,  298  ;  Annalen,  1875,  176,  257  ;  Carius 
and  Fronmiiller,  Ber.,  1874,  7,  302. 

^  Lamy,  Ann.  Ghim.  Phys.,  1864,  [iv.],  3,  373  ;  Kahlbaum,  Roth,  and  Siedler,  Zeitsch. 
anorg.  Ghem.,  1902,  29,  177. 

®  Kurowsici,  Ber.,  1910,  43,  1078  ;  Morgan  and  Moss,  Trans.  Gliem.  Soe.,  1914,  105,  189. 

*  Kuhlmann,  Gorrvpt.  rend,,  1862,  56,  607  ;  Ann.  Ghim.  Phys.,  1863,  [iii.],  67,  431  ; 
Bull.  Soc.  chim.,  1864,  [ii.],  i,  330;  de  la  Provostaye,  Gompt.  rend.,  1862,  55,  610; 
Crookes,  Ghem.  News,  1864,  9,  1  ;  J".  Ghem.  Soc.,  1864,  17,  112  ;  Willm,  Ann.  Ghim. 
Phys,,  1865,  [iv.],  5,  5  ;  Lamy  and  Descloizeaux,  ibid.,  1869,  [iv.],  17,  310  ;  Lescoenr, 
Bull.  Soc.  chim.,  1875,  24,  516  ;  R.  J.  Meyer,  Zeitsch.  anorg.  Ghem.,  1900,  24,  321 ;  Rabe 
and  Steinmetz,  ibid.,  i903,  37,  88  ;  Hawley,  J,  Amer.  Ghem.  Soc.,  1907,  29,  300. 

®  Flemming,  Jahresber.,  1868,  p.  250. 

®  Wyronboff,  Bull.  Soc.franf.  Min.,  1889,  12,  536. 
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Thallium  enters  into  the  composition  of  various  kinds  of  optical  glass  of 
high  I'efractive  index.  High  refractive  power  is  a  general  characteristic  of 
thallium  salts  (pp.  189,  190,  192,  200). 

Thallous  silicofluoride,  Tl2SiFg,  is  prepared  from  thallous  carbonate 
and  hydrofluosilicic  acid,  and  crystallises  from  aqueous  solution  in  colourless 
octahedra.  According  to  Kuhlmann,  the  salt  is  volatile  witho\it  decomposi¬ 
tion,  and  crystallises  from  aqueous  solution  in  hydrated  form.^ 


Thallium,  and  Boron. 

Thallous  Borates. — Thallous  oxide  dissolves  in  fused  boron  sesqui-oxide, 
and  the  liquid  mass  solidifies  either  to  a  clear  glass  or  a  crystalline  solid. ^ 
Various  borates  of  thallium  have  been  described  by  Buchtala.^ 

Thallous  tetraborate,  Tl2B^0.j.2H20,  is  obtained  by  dissolving  thallous 
carbonate  (1  mol.)  and  boric  acid  (1-4  mols.)  in  water,  and  crystallising.  It 
is  also  obtained,  together  with  ttiallous  hexaborate,  Tl2Bg0jQ.3H20,  by 
fusing  the  carbonate  (1  mol.)  with  boric  acid  (fi  mols.)  and  crystallising  the 
product  from  water.  If  more  boric  acid  (8  mols.)  is  used,  a  mixture  of  the 
hexaborate  and  thallous  decaborate,  TI2BJQOJP.8H2O,  is  produced. 

Thallous  octaborate,  Tl2Bg0]3.4H20,  and  thallous  dodecaborate, 
Tl2B]^2C*i9-’^H20,  are  prepared  by  dissolving  thallous  carbonate  (1  mol.)  in 
excess  of  aqueous  boric  acid  (10  mols.).  The  dodecaborate  also  forms  a 
pentahydrate,  which  is  monoclinic  (a  :b  :  c  =  1‘583  :  1  :  1‘955  ;  /3~  94°  25').^ 

Thallous  metaborate,  2TIBO.2.H2O,  crystallises  from  water  in  colour¬ 
less,  wedge-shaped  crystals  which  turn  red  and  black  on  exposure  to  air. 

TIO.B.0.0' 

Thallous  perborate,®  TI2B2O7,  i.e.  \  )0,  is  obtained  as  a  white 

TIO.B.O.O/ 

powder  by  adding  30  per  cent,  hydrogen  peroxide  to  an  aqueous  solution  of 
any,  of  the  preceding  borates.  It  shows  the  usual  reactions  of  a  per-salt  and 
explodes  when  rapidly  heated.  The  aqueous  solution  decomposes  on  evapora¬ 
tion,  thallous  metaborate  being  produced. 


Detection  and  Estimation  of  Thallium. 

The  compounds  of  thallium  impart  a  green  colour  to  the  Bunsen  flame, 
and  spectroscopic  examination  of  the  flame  reveals  the  green  line  X  5350‘7. 
Thallium  compounds  are  poisonous. 

The  following  are  the  chief  reactions  of  thallous  salts: — (i.)  Hydrogen 
sulphide  incompletely  precipitates  thallium  as  the  brown  sulphide,  insoluble 
in  acetic  acid.  In  the  presence  of  mineral  acid  no  precipitate  is  obtained, 
(ii.)  Ammonium  sulphide  leads  to  complete  precipitation  of  the  thallium  as 
sulphide.  (iii.)  Hydrochloric  acid  or  a  soluble  chloride  precipitates  the 
thallium  almost  completely  as  white  thallous  chloride,  (iv.)  A  soluble  iodide 
precipitates  thallium  completely  as  yellow  thallous  iodide,  (v.)  Potassium 


1  Kuhlmann,  Bull.  Soc.  chim.,  1864,  [ii.],  I,  330;  Cornet,  rend.,  1864,  58,  1037; 
Werther,  J.  prakt.  Ghem.,  1864,  92,  128. 

®  Guertler,  Zeitsch.  anorg.  Ghem.,  1904,  40,  225. 

®  Buchtala,  J.  prakt.  Ghem.,  1913  [ii.],  88,  771. 

^  Scharizer,  Zeitsch,  Kryst.  Min.,  1914  54)  232. 
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chromate  in  neutral  or  ammoniacal  solution  precipitates  thallium  quanti¬ 
tatively  as  the  yellow  chromate.  (vi.)  Chloroplatinic  acid  precij)itates 
thallium  quantitatively  as  yellow  thallous  chloroplatinate.  (vii.)  Sodium 
cobaltinitrite  precipitates  thallium  quantitatively  as  scarlet  thallous  cobalti- 
nitrite.^  Potassium  iodide  and  antimony  trichloride  lead  to  the 

precipitation  of  orange-red  thallous  antimonious  iodide,  3TlT,2Sbl3.2 

Thallic  salts  give  a  brown  precipitate  of  Tl(OH)3  with  alkali  (including 
ammonium)  hydroxides,  insoluble  in  excess  of  reagent.  With  a  soluble 
iodide  they  give  thallous  iodide  and  iodine.  Alkali  chloride  or  chromate 
produces  no  precipitate. 

The  detection  of  thallium  in  qualitative  analysis  has  been  studied  by 
A.  A.  Noyes,  Bray,  and  Spear,  to  whose  work  the  reader  is  referred  for 
details.® 

The  gravimetric  estimation  of  thallium  is  somewhat  difficult,  since  its 
“  insoluble  ”  salts  usually  have  a  perceptible  solubility,  are  difficult  to  wash, 
and  are  distinctly  volatile  at  high  temperatures.  The  usual  method  is  to 
precipitate  as  thallous  iodide  at  80°  to  90°,  wash  with  80  per  cent,  alcohol, 
dry  at  170°,  and  weigh.^  Thallium  may  also  be  estimated  as  thallous 
chloroplatinate,  1  part  of  which  dissolves  in  15,600  of  water  at  15°,  and  in 
1950  at  100°.®  It  maybe  precipitated  and  weighed  as  thallous  chromate;® 
or  by  evaporation  with  sulphuric  acid  it  may  be  converted  into  either 
thallous  hydrogen  sulphate  at  220°  to  230°  or  thallous  sulphate  at  a  dull 
red  heat.’^  Thallium  may  also  be  precipitated  as  thallous  thiostannate, 
T]4SnS4,  dried  at  105°,  and  weighed.®  Thallous  salts  may  be  oxidised  to 
thallic  salts  with  bromauric  acid,  and  estimated  by  weighing  the  precipitated 
gold.® 

The  electrolytic  determination  of  thallium  is  not  a  very  accurate  or 
convenient  process,  and  is  best  effected  by  depositing  the  thallium  into  a 
mercury  cathode,  or,  better,  a  dilute  zinc  or  cadmium  amalgam.^® 

Several  volumetric  methods  for  the  estimation  of  thallium  have  been 
proposed.  Thallous  salts  in  the  presence  of .  hydrochloric  acid  may  be 
oxidised  to  thallic  salts  by  standard  permanganate ;  or  they  may  be  heated 
with  potassium  bromide,  dilute  hydrochloric  acid,  and  an  excess  of  standard 


Cunningham  and  Perkin,  Trans.  Chem.  Soc.,  1909,  95,  1569  ;  Tauatar  and  Petroff, 
J.  Euss.  Phys.  Glum.  Soc.,  1910,  42,  94. 

^  Ephraim,  Zeitseh.  anorg.  Chem.,  1908,  58,  353. 

®  A.  A.  Noyes,  Bray,  and  Spear,  J.  Amer.  Chem.  Soc.,  1908,  30,  481;  Chem.  News, 
1908,  98,  6,  etc.  ;  see  also  Sorhy,  Chem.  News,  1869,  19,  309  ;  Ross,  Chem.  Zentr.,  1882, 
p.  54  ;  Behrens,  Zeitseh.  anal.  Chem..,  1891,  30,  138  ;  Chapman,  Phil.  May.,  1876,  [v.],  2, 
397;  Phipson,  Compt.  rend,,  1874,  78,  563. 

*  Banbigny,  Com2]t.  rend.,  1891,  113,  544  ;  Werther,  Zeitseh.  anal.  Chem.,  1864,  3,  1; 
Long,  ibid.,  1891,  30,  342  ;  Hebberling,  Annalen,  1865,  134,  11. 

®  Crookes,  Chem.  News,  1864,  9,  1 ;  Neumann,  Annalen,  1888,  244,  349  ;  Cushman, 
Amer.  Chem.  J.,  1900,  24,  222. 

®  Browning  and  Hutchins,  Amer,  J,  Sci.,  1899,  [iv.],  8,  460;  Chem,  Neics,  1899, 
80,  286. 

’’  Browning,  Amer,  J.  Sci,,  1900,  [iv.],  9,  137  ;  Zeitseh.  anorg.  Chem.,  1900,  23,  155. 

®  Hawley,  J.  Amer.  Chem.  Soc.,  1907,  29,  1011. 

®  Thomas,  Compt.  rend.,  1900,  130,  1316;  Bull.  Soc.  chim,,  1902,  [iii.],  27,  470  ; 
Anil.  Chim.  Phys.,  1907,  [viii.],  ii,  204. 

Morden,  J.  Amer,  Chem.  Soc.,  1909,  31,  1045;  cf.  Neumann,  Ber.,  1888,  21,  356; 
Schucht,  Zeitseh.  anal.  Chem.,  1883,  22,  241:  Heiberg,  Zeitseh.  anorg,  Chem.,  1903, 
35.  347. 

Willm,  Ann.  Chim.  Phys.,  1865,  [iv.],  5,  5;  Hawley’  J.  Amer.  Chem.  Soc.,  1907, 
29,  300  ;  A.  A.  Noyes,  Zeitseh.  physikal.  Chem.,  1892,  9,  603. 
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potassium  bromate,  tbe  bromine  distilled  into  potassium  iodide  and  the 
liberated  iodine  titrated  with  thiosulphated  The  iodine  found  is  a  measure 
of  the  oxidising  power  of  the  bromate  present  in  excess  of  that  required  for 
the  reaction  : — 

3T1C1  +  NaBrOg  +  6HC1  =  STlClg  +  NaBr  +  SHgO. 

Lead  is  readily  separated  from  thallium  either  by  precipitation  as  the 
sulphide  in  dilute  mineral  acid  solution,  or  by  evaporation  with  sulphuric 
acid  to  remove  the  lead  as  the  insoluble  sulphate.^  Silver  may  be  separated 
from  thallium  by  passing  a  rapid  stream  of  chlorine  through  the  solution. 
The  silver  is  precipitated  as  chloride,  the  thallium  remaining  in  solution  as 
thallic  chloride.® 


1  Marshall,  J.  Soc.  Chem.  Ind.,  1900,  19,  994.  For  other  methods,  vide  Felt,  Zeitsch. 
anal.  Chem.,  1889,  28,  314;  Sponholz,  ihid.,  1893,  31,  519;  Carnot,  Compt.  rend.,  1889, 
109,  177;  Metzki,  Dingl.  poly.  J.,  1876,  219,  262;  Thomas,  Compt.  rend.,  1902,  134, 
655;  Ann.  Chim.  Phys.,  1907,  [viii.],  II,  204  ;  Browning  and  Palmer,  Amer,  J.  Sci., 
1909,  [iv.],  27,  379  ;  Chem.  News,  1909,  99,  304. 

^  See  also  Werner,  Chem.  News,  1886,  53,  51. 

®  Spencer  and  Le  Pla,  Trans.  Chem.  Soc.,  1908,  93,  858.  For  further  information  on 
the  analytical  chemistry  of  thallium,  see  e.g.,  Crookes,  Select  Methods  of  Chemical  Analysis, 
(Longmans  &  Co.,  4th  ed. ,  1905). 
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SCANDIUM. 

Symbol,  Sc.  Atomic  weight,  44'0  (0  =  16). 

Occurrence-— Scandium,  despite  its  rarity,  is  extremely  widely  diffused 
in  nature.  In  almost  all  rocks  from  which  the  nimmtains  of  the  earth,  or 
rather  the  chief  parts  of  the  earth’s  crust  are  formed,  scandium  can  be 
detected,  as  the  comprehensive  spectroscopic  researches  of  Eberhard  ^  have 
shown. 

The  more  commonly  occurring  minerals  which  contain  scandium  are 
euxenite'^  and  Tceilhauite  (p.  221)  from  certain  localities,  mfca  from  Ytterby, 
and  cassiterite  and  wolframite  from  the  mountain  ranges  of  Saxony  and 
Bohemia,  especially  from  Zinnwald  in  Saxony.^  They  are  all  derived  from 
granites  or  certain  pegmatites.^ 

It  will  be  noticed  that  scandium  occurs  in  certain  rare  earth  minerals. 
However,  it  is  by  no  means  an  invariable  companion  of  the  rare  earth 
elements.  In  the  course  of  some  ten  years  of  work  on  the  rare  earths, 
Urbain  never  met  with  scandium  in  any  of  his  fractions,^  and  Hicks  failed 
to  detect  scandium  in  specimens  of  fergusonite,  oeschynite,  euxenite,  and 
samarshite  examined  by  him.®  Scandium  occurs  in  gadolinite,  but  only  in 
the  deposits  found  at  Ytterby.  When  scandium  occurs  in  association  with 
the  rare  earth  elements,  the  yttrium  group  usually  predominates,  and  hence 
the  occurrence  of  scandium  in  Finnish  orthite,  a  cerium  mineral,  is  of 
interest.'^ 

The  occurrence  of  scandium  and  the  rare  earth  elements  in  the  rare 
mineral  wiikite  was  discovered  by  Crookes,®  who  isolated  considerable 
quantities  of  scandia  from,  this  source.  Wiikite  is  a  black,  amorphous 
mineral  found  with  monazite  in  a  felspar  quarry  at  Impilaks,  Lake  Ladoga, 
Finland.  Density,  4'85 ;  hardness,  6.  The  mineral  is  feebly  radioactive, 


Eberhard,  Sitzungsber.  K.  Aktxd.  Wiss.  Berlin,  1908,  No.  .38,  p.  851;  1910,  No.  22, 
p.  404  ;  Chem.  News,  1909,  99,  30  ;  1910,  102,  211. 

®  See  p.  220  ;  Hauser  and  Wirth,  Ber.,  1909,  42,  4145. 

®  Scandium  has  been  found  in  American  wolframite;  Lukens,  J.  Amer.  Chem.  Soc., 
1913,  35,  1470. 

^  Eberhard,  loc.  cit.;  Vemadski,  Bull,  Acad.  Sci.  Petrograd,  1908,  p.  1273. 

®  Urbain,  J.  Chim.  phys.,  1906,  4,  64;  ef.  Crookes,  Chem.  News,  1905,  91,  61  ;  Eber- 
hard,  Zeitsch.  anorg.  Chem.,  1905,  45,  374. 

’’  Hicks,  J.  Amer.  Chem.  Soc.,  1911,  33,  1492. 

’’  E.  J.  Meyer,  Sitzungsber.  K.  Akad.  Wiss.  Berlin,  1911,  p.  379. 

®  Crookes,  Phil.  Trans.,  1908,  A,  209,  15  ;  Proc.  Roy.  Soc.,  1908,  A,  80,  616  ;  Chesn. 
News,  1908,  98,  274. 
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and  when  heated  to  redness  gives  off  water,  hydrogen  sulphide,  helium,  a 
trace  of  neon,  etc.  The  wiikite  examined  by  Crookes  had  approximately  the 
following  composition  : — 


Ta205  and  CbgOg 

Per  cent. 

.  15-91 

FeO  . 

Per  cent. 
.  15-52 

TiOg  and  Zr02  . 

.  23-36 

UO3  . 

.  3-56 

CegOg 

.  2-55 

Si02  . 

,  16-98 

Y.Og  .  .  . 

.  7-64 

H2O  and  gases  . 

.  5-83 

SC2Cg  •  . 

.  1-17 

Undetermined  . 

.  1-97 

Th02  .  . 

.  5-51 

The  particular  deposit  of  this  mineral  used  by  Crookes  is  now  exhausted, 
and  the  other  deposits  do  not  appear  to  contain  more  than  the  merest  traces 
of  scandium. 1 

The  only  known  mineral  in  which  scandium  occurs  as  an  essential 
constituent  is  the  rare  mineral  thortveitite,  (Sc,Y)2Si207.  This  is  a  greyish- 
green,  translucent  silicate  of  scandium  and  yttrium  which  has  been  found  in 
pegmatite  at  Iveland,  South  Norway.  Hardness,  6’5  density,  3’57.  The 
mineral  is  orthorhombic  (a. :  6  :  c  =  0'7456  :  1  :  1-4912).2 

Scandium  has  been  shown  spectroscopically  to  occur  in  relative  abundance 
in  the  sun  and  stars. 

History. — In  1879  Nilson  was  preparing  ytterbia  from  euxenite  and 
gadolinite  by  the  procedure  that  had  been  given  by  Marignac,  the  discoverer  of 
the  earth  (p.  225).  In  so  doing,  he  made  the  discovery  of  a  new  earth,  present 
in  very  small  quantity,  and  characterised  by  its  very  feeble  basicity  (less  than 
that  of  ytterbia),  its  very  low  chemical  equivalent,  and  its  spark  spectrum. 
Only  0'3  gram  of  the  earth  was  obtained,  and  that  in  an  impure  state.  To 
the  new  element  present  in  the  earth,  Nilson  gave  the  name  scandium.  A 
few  weeks  after  the  announcement  of  the  discovery,  Gleve  reported  that  he 
had  isolated  0'8  gram  of  scandia  from  4  kilos,  of  gadolinite,  and  1'2  grams 
of  scandia  from  3  kilos,  of  keilhauite.  Cleve  also  described  a  few  compounds 
of  scandium.  A  little  later,  Nilson  obtained  a  few  grams  of  scandia,  described 
several  scandium  salts,  and  determined  the  atomic  weight  of  the  element.® 

Scandium  corresponds  very  closely  with  ekaboron,  one  of  the  elements 
predicted  by  MendeleefF  when  he  put  forward  the  periodic  classification  of  the 
elements ;  and  its  discovery,  coming  only  four  years  after  the  discovery  of 
eka-aluminium  or  gallium,^  was  a  matter  of  great  interest  and  assisted  largely 
in  the  recognition  of  the  merits  of  the  periodic  classification  by  chemists  in 
general.  The  identity  of  ekaboron  and  scandium  was  pointed  out  by  Cleve ;  ® 
the  following  table  will  serve  to  show  how  closely  the  properties  of  scandium 
were  predicted  by  Mendeleeff : —  ® 


^  K.  J.  Meyer  and  Winter,  Zeitsch.  anorg.  Ghem.,  1910,  67,  398;  Ghem.  News,  1910, 
102,  163. 

2  Schetelig,  Mineral.  Zentr.,  1911,  p.  721. 

3  Nilson,  Compt.  rend.,  1879,  88,  645;  1880,  91,  56,  118;  Ber.,  1879,  12,  550,  554; 
1880,  13,  1430,  1439  ;  Ofvers.  af  K.  Svenska  Vet.-Akad.  Forhandl.,  1879,  No.  3;  1880, 
No.  6  ;  Cleve,  Bull.  Soc.  chim.,  1879,  [ii.],  31,  486  ;  Gompt.  rend.,  1879,  89,  419  ;  Ghem, 
News,  1879,  40,  159  ;  Ofvers.  af  K.  Svenska  Vet.-Akad,  Forhandl.,  1879,  No.  7. 

^  Seep.  143. 

®  Cleve,  Gompt.  rend.,  1879,  89,  419;  Bull,  Soc.  chim.,  1879,  [ii.],  31,  486;  Ghem. 
News,  1879,  40,  159. 

®  Mendeleeff,  J.  Muss.  Ghem.  Soc.,  1869,  I,  60  ;  1871,  3>  47  ;  Annalen  Suppl.,  1872,  8, 
133  ;  trails,  in  Ghem.  News,  1879,  40,  243,  etc.  ;  1880,  41,  2,  etc. 
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Ekaboron. 

Scandium. 

Atomic  weight,  44. 

Should  give  one  oxide,  Eb203,  density, 

3  -5  ;  more  basic  than  AlgOg,  less  basic  than 
MgO  ;  insoluble  in  alkalies. 

Carbonate  should  be  insoluble  in  water, 
and  probably  be  precipitated  as  a  basic  salt. 

The  double  sulphates  with  alkali  sul¬ 
phates  will  probably  not  be  alums. 

Anhydrous  chloride,  EbCh,  should  be 
more  difficultly  volatile  than  AlClg.  In 
aqueous  solution  it  should  hydrolyse  easier 
than  magnesium  chloride. 

Ekaboron  will  probably  not  be  discovered 
spectroscopically. 

Atomic  weight,  44. 

Scandium  oxide,  ScgOg,  density,  3-86,  is 
more  basic  than  AlgOg  and  probably  less 
than  MgO  ;  insoluble  in  alkalies. 

Scandium  carbonate,  insoluble  in  water, 
readily  loses  carbon  dioxide. 

Double  sulphates  are  known,  but  they 
are  not  alums. 

Scandium  chloride,  ScClg,  begins  to 
sublime  appreciably  at  850°.  In  aqueous 
solution  it  is  decidedly  hydrolysed. 

Scandium  was  not  detected  by  means  of 
its  spectrum. 

Extraction  of  Scaridia  from  Minerals. — The  method  employed  by 
Crookes  in  extracting  scandia  from  wiikite  consisted  in  first  isolating  the 
scandia  and  rare  earths,  and  then  separating  the  scandia  from  this  mixture  by 
the  fractional  decomposition  of  the  nitrates.^  To  obtain  the  mixture  of 
scandia  and  rare  earths,  the  mineral  (1  pt.)  was  finely  powdered  and  fused  in 
a  clay  crucible  with  potassium  hydrogen  sulphate  (5  pts.).  The  melt  was 
cooled,  powdered,  and  mixed  with  five  times  its  weight  of  water,  stirred  for 
twelve  hours,  and  then  filtered  through  a  linen  filter.  The  filtrate  was  boiled 
with  an  excess  of  ammonia  when  all  the  earths  were  precipitated  together 
with  zirconia,  titanic  acid,  ferric  Itydroxide,  etc.  The  well-washed  precipitate 
was  heated  with  a  slight  excess  of  oxalic  acid,  and  when  cold  the  oxalates 
were  filtered  and  washed.  The  oxalates  were  ne.xt  converted  into  anhydrous 
sulphates,  dissolved  in  cold  water,  filtered,  and  the  ammonia  and  oxalic 
acid  processes  repeated.  The  oialates  were  then  well  washed  and  calcined  to 
oxides. 

The  extraction  of  scandia  from  wolframite  has  been  very  thoroughly  studied 
by  E.  J.  Meyer  and  others.  Only  the  wolframite  from  Zinnwald  (Z.)  and 
Sadisof  (S.)  is  said  to  be  worth  working  up  for  scandium ;  analyses  of  the 
carefully  picked  mineral  yield  the  following  results : — 


WOg.  FeO,  MnO.  PbO  +  SnOg.  TiOg-FTaaOs.  CaO. 

(Z.)  75-41  9-34  14-00  0-18  0-50  0-55  o\5' 

(S.)  73-47  15-13  9-81  0-47  0-63  0-54  0-20 

Rather  more  than  half  of  the  “rare  earths”  present  consists  of  scandia. 

The  finely  powdered  wolframite  is  fused  with  about  2-3  times  its  weight 
of  sodium  carbonate,  a  little  potassium  nitrate  being  also  added.  The  melt 
is  boiled  with  water  and  a  little  alcohol,  and  the  brown  mixture  of  oxides  left 
(which  contains  all  the  scandium)  is  washed,  dissolved  in  hydrochloric  acid, 
and  the  silica  present  removed  in  the  usual  manner. 

The  oxide  residues  from  tungsten  factories,  if  good  Zinnwald  wolframite 
has  been  worked  up,  are  more  convenient  to  use  as  raw  material  than 


*  For  an  account  of  which,  see  p.  363. 
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wolframite  itself,  and  contain  0'30  per  cent,  of  rare  earths.  One  kilogram 
of  the  oxide  residues  i's  dissolved  in  3  litres  of  raw  hydrochloric  acid,  the 
powder  being  introduced  into  the  boiling  acid.  After  drawing  off  the 
deposit  of  silica  and  boiling  it  with  dilute  hydrochloric  acid,  the  filtrates 
are  united. 

To  separate  the  scandium,  the  preceding  solution  is  boiled,  and  40  grams 
of  sodium  silicofluoride  are  added  slowly  with  stirring.  The  boiling  is  con¬ 
tinued  for  half  an  hour,  when  the  scandium  separates  completely  as  a  white, 
pasty  precipitate  of  scandium  fluoride  (produced  by  decomposition  of  the 
silicofluoride).  The  precipitate  is  filtered  on  a  Nutschen  filter  and  boiled 
with  very  dilute  hydrochloric  acid.  The  fluoride  is  converted  into  sulphate 
in  a  platinum  dish,  the  scandium  precipitated  as  hydroxide  with  ammonia, 
and  converted  into  oxalate  by  boiling  with  oxalic  acid.  The  oxalate  when 
washed  and  ignited  leaves  a  white  residue  of  nearly  pure  scandium  oxide, 
which  should  weigh  3‘0  to  3'3  grams. ^ 

The  small  amount  of  yttrium  earths  present  in  the  scandia  is  easily 
removed.  The  scandia  is  dissolved  in  hydrochloric  acid,  excess  of  the  acid 
removed,  and  the  scandium  precipitated  at  100°  as  the  basic  thiosulphate. 
The  washed  precipitate  is  decomposed  by  hydrochloric  acid,  and  the  precipita¬ 
tion  as  thiosulphate  repeated.  The  washed  precipitate,  now  quite  free  from 
yttrium  earths,  is  decomposed  by  hydrochloric  acid,  and  the  scandium  in  the 
filtered  liquid  precipitated  as  oxalate.  The  only  impurity  now  remaining  is 
thorium.^ 

It  is  not  difficult  to  reduce  the  amount  of  thoria  in  scandia  to  0-5  per  cent. 
This  may  be  effected  in  several  ways,  one  of  the  most  satisfactory  being  to 
pour  the  neutral  solution  of  the  chlorides  of  scandium  and  thorium  into  a 
large  excess  of  20  per  cent,  sodium  carbonate  solution,  and  boil  the  solution, 
when  scandium  sodium  carbonate  is  precipitated,  the  bulk  of  the  thorium 
remaining  in  solution.  The  final  0'.5  per  cent,  of  thoria,  however,  is  difficult 
to  eliminate.  It  cannot,  for  instance,  be  precipitated  as  the  peroxide,^  and, 
moreover,  it  cannot  be  detected  in  the  scandia  by  its  arc  spectrum.  A  number 
of  methods  for  its  elimination  are  known,  the  first  behig  to  drop  slowly  a 
neutral  solution  of  the  scandium  salt  (contaminated  with  thorium)  into  a 
concentrated  (10  to  20  per  cent.)  neutral  solution  of  ammonium  tartrate,  and 
boil  the  clear  solution  so  obtained  with  ammonia.  Scandivmi  ammonium 
tartrate  is  thus  precipitated  free  from  thorium,  and  is  washed  with  dilute 
ammonium  tartrate  solution.  The  second  method  can  only  be  advantageously 
employed  on  a  small  scale.  It  consists  in  precipitating  the  thorium  from  a 
nitrate  solution  containing  much  free  nitric  acid  by  the  addition  of  an  excess 
of  potassium  iodate  sufficiently  great  to  co-precipitate  a  portion  of  the 
scandium.  The  liquid  is  then  quite  free  from  thorium.  The  third  method 
consists  in  pouring  a  neutral  chloride  solution  of  the  scandium  chloride  into 
an  excess  of  aqueous  ammonium  fluoride  contained  in  a  platinum  dish  and 
vigorously  stirred.  One  gram  of  scandia  requires  8  grams  of  ammonium 
fluoride.  The  liquid  is  evaporated  at  100°,  and  the  thorium  separates  out  as 
the  insoluble  fluoride;  any  scandium  ammonium  fluoride  that  crystallises 


1  R.  J.  Meyer,  Zeitsah.  anorg.  Cliein.,  1908,  6o,  134;  Chem.  News,  1909,  99,  85,  97  ; 
D.R.P-,  202,  523  and  208,  355.  The  method  of  extracting  scandia  from  these  oxide  residues 
is  also  discussed  in  detail  by  Sterba-Bohm  {Zeitsch  Elektrocliem,,  1914,  20,  289). 

2  See  p.  211. 

®  See  Yol.  V.,  and  this  vol.,  p.  320. 
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out  may  be  redissolved  by  warming  with  more  water,  and  the  liquid  then 
filtered.  A  fourth  method,  which  is  not,  however,  very  convenient,  is  to 
separate  the  anhydrous  chlorides  of  thorium  and  scandium  by  fractional 
sublimation,  the  former  being  the  more  volatile.^ 

Atomic  Weight. — The  analogy,  though  imperfect,  between  scandium 
compounds  and  the  compounds  of  the  rare  earth  elements,  points  to  the 
tervalency  of  scandium,  and  hence,  since  the  combining  weight  of  scandium 
is  14 '7,  to  the  value  44 '1  for  the  atomic  weight.  The  specific  heats  of  the 
oxide  and  sulphate  may  be  cited  in  favour  of  this  view,  as  the  following 
comparison  of  molecular  heats  will  show  : —  ^ 


.  .  . 

.  190 

Al2(SO,)3  . 

.  63'6 

.  19-5 

Ga2(S04)3  . 

.  61-9 

In203  . 

.  22-2 

In2(SO,)3  . 

.  66-4 

Sa^Os  . 

.  20-8 

802(80^)3 

.  62-4 

Yt203  . 

.  23-3 

Yt2(SO,)3  . 

.  61-6 

le  formula  ScO  be  assumed  for  the  oxide,  then  the 

specific  heat  of  scan 

dium  works  out  to  the  abnormally  low  value  of  3 '95  between  0°  and  100°,  if 
that  of  oxygen  be  taken  as  3'0  (which  is  certainly  not  too  great).  The 
molecular  weight  of  scandium  acetylacetonate  (p.  214)  argues  strongly  for  the 
tervalency  of  scandium,  as  also  does  the  isomorphism  of  scandium  ethyl- 
sulphate  and  acetylacetonate  with  the  corresponding  indium  salts.®  Of  the 
multiples  of  the  combining  weight  (14‘7,  29 ’4,  44’1,  58'8,  etc.)  which  might 
be  taken  for  the  atomic  weight,  only  the  value  44'1  gives  scandium  a 
position  in  the  periodic  table,  and  it  then  occupies  the  place  of  Mendeleeft'’s 
“  ekaboron.” 

The  value  Sc  =  44*I  is  due  to  Nilson;  the  value  45-1  obtained  by  Cleve 
is  undoubtedly  too  high.  Preliminary  experiments  by  B,.  J.  Meyer  and 
Goldenberg  gave  the  values  44’11,  44'11,  44’20,  and  43‘90  for  the  atomic 
weight  of  scandium.^  An  accurate  determination  of  the  atomic  weight  is, 
however,  lacking  at  present.  The  determinations  hitherto  made  have  been 
effected  by  the  “  synthetic  ”  sulphate  method  described  later  (p.  240). 


COMPOUNDS  OF  SCANDIUM. 

Scandium  salts  derived  from  colourless  acids  are  themselves  colourless 
and  devoid  of  absorption  spectra.  They  are  diamagnetic,  and  have  a  sweet, 
astringent  taste.  In  aqueous  solution  they  are  perceptibly  hydrolysed. 
This  will  be  seen  from  the  following  values  for  the  equivalent  conductivities 
of  scandium  chloride  and  other  chlorides,  the  abnormal  increase®  in  the 
conductivity  of  scandium  chloride  with  dilution  from  'y  =  32  to  ^  =  1024 


^  R.  J.  Meyer  and  Winter,  Zeitsch.  anorg.  Ghem..,  1910,  67,  398  ;  Chem.  News,  1910, 
102,  163,  175;  R.  J.  Meyer  and  Goldenberg,  ibid.,  1912,  106,  13;  R.  J.  Meyer  and 
Wassjuohnow,  Zeitsch.  anorg.  Chem.,  1914,  86,  257  ;  Sterba-Bohm,  loc.  cit. 

®  Nilson  and  Pettersson,  Gompt.  rend.,  1880,  91,  232  ;  Ber,,  1880,  13,  1459. 

®  Jaeger,  Proc.  K,  Akad.  Wetensch.  Amsterdam,  1914,  16,  1095  ;  Bee.  trav.  chim.,  1914, 
33>  342. 

■*  Cleve,  Compt.  rend.,  1879,  89,  419;  Nilson,  ibid.,  1880,  91,  66,  118;  Meyer  and 
Goldenberg,  loc.  cit. 

®  As  compared  with  the  chlorides  of  the  rare  earth  elements. 
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litres  being  due  to  the  high  ionic  mobility  of  the  hydrogen  ions  of  the  acid 
set  free  by  hydrolysis  : — ^ 


Temperature,  25°  C. 

32 

64 

128 

266 

612 

1024 

M024  ~  ^32- 

ScClg  . 

104-7 

111-7 

119-0 

126-2 

133-6 

142-5 

37-8 

LaClg 

105-8 

112-1 

118-0 

123-4 

127-3 

131-5 

25-7 

CeClg  . 

107-6 

114-4 

121-3 

126-8 

131-1 

135-2 

27-6 

AICI3  . 

99-9 

106-9 

114-1 

123-8 

131-0 

138-0 

38-1 

The  basic  oxide  scandia,  SC2O3,  from  which  the  scandium  salts  are  derived, 
is  decidedly  stronger  than  alumina.  It  is,  however,  weaker  than  any  of  the 
rare  earths  of  the  type  R.2O3. 

Scandium  is  often  included  among  the  rare  earth  elements.  In  doing 
so,  however,  it  becomes  difficult  to  decide  whether  scandia  is  to  be  regarded 
as  an  earth  of  the  cerium  or  of  the  yttrium  group.  So  far  as  basicity  of 
oxide  and  solubilities  of  salts  are  concerned,  scandium  resembles  the  yttrium 
group ;  on  the  other  hand,  the  solubility  of  its  double  potassium  sulphate 
places  it  with  the  cerium  group.  It  differs  from  both  groups  in  not  forming 
a  sulphate,  Sc2(S04)g.8H20,^and  a  nitrate,  Sc(N03)3.6H20.  Further,  scandium 
has  a  marked  tendency  to  form  what  are  probably  complex  as  distinguished 
from  double  salts,  and  in  this  and  in  other  respects  it  shows  a  remarkable 
resemblance  to  thorium.^  In  view  of  the  fact  that  the  cerium  and  yttrium 
groups  of  rare  earth  elements  are  distinguished  by  their  platinocyanides 
(see  p.  272),  it  is  of  interest  to  note  that  scandium platinocyanide,  Sc2[Pt(ClSr)j3, 
forms  hydrates  both  with  ISHgO  and  with  21H20.^ 

A  few  salts  of  scandium  were  described  by  Nilson  and  Cleve;  many 
others  have  since  been  prepared  and  described  by  Crookes,  and  by  R.  J. 
Meyer  and  his  co-workers.® 

Scandium  and  the  Fluorine  Group. 

Scandium  fluoride,  ScFg,  is  obtained  as  a  white  powder,  difficult  to 
filter,  by  heating  scandia  with  aqueous  hydrofluoric  acid,  or  by  precipitating 


1  Meyer  and  Wassjuchnow,  Zeitsch.  anorg.  Chem.,  1914,  86,  271  ;  cf.  Meyer  and  Hauser, 
Die  chemische  Analyse  der  seltenen  Erden  (Stuttgart,  1912),  p.  34. 

^  The  octahydrate  of  the  selenate,  however,  is  known. 

^  Compare,  for  example,  the  properties  of  the  oxalates,  sulphates,  double  sodium 
sulphates,  carbonates  and  double  carbonates,  and  acetylacetonates. 

^  Crookes,  vide  infra  \  Orloff,  Chem.  Zeit.,  1912,  36,  1407  ;  Tschirvinski,  Zeitsch. 
Kryst.  Min.,  1913,  52,  44. 

®  Nilson,  Compt.  rend.,  1879,  88,  645  ;  1880,  91,  56,  118  ;  Ber.,  1879,  12,  550,  554; 
1880,  13,  1430,  1439;  Cleve,  Compt.  rend.,  1879,  89,  419  ;  Bull.  Soc.  chim.,  1879,  [ii.],  31, 
486;  Chem.  News,  1879,  40,  159;  Crookes,  Phil.  Trans.,  1908,  A,  209,  15;  1910,  A, 
210,  369  ;  Proc.  Boy.  Soc.,  1908,  A,  80,  516  ;  1910,  A,  84,  79  ;  Chem.  News,  1908,  98, 
274,  etc.  ;  1910,  102,  73,  etc.  ;  R.  J.  Meyer  and  Winter,  Zeitsch.  anorg.  Chem.,  1910,  67, 
398  ;  Chem.  News,  1910,  102,  163  ;  R.  J.  Meyer  (with  A.  Wassjuchnow,  N.  Drapier,  and 
E.  Bodlander),  Zeitsch.  anorg.  Chem.,  1914,  86,  257.  The  last  paper  contains  a  very  full 
account  of  the  chemistry  of  scandium.  References  in  the  subsequent  pages  of  the  text 
to  Crookes,  Meyer  and  Winter,  Meyer  and  Wassjuchnow,  etc.,  refer  to  the  papers 
enumerated  in  this  footnote. 
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a  solution  of  a  scandium  salt  with  hydrofluoric  acid,  an  alkali  fluoride,  or 
fluosilicic  acid.  The  fluoride  is  fusible  with  difficulty  in  the  hlow-pipe  flame. 
It  is  very  slightly  soluble  in  hydrochloric  acid,  in  which  it  resembles  the 
thorium  salt  and  differs  from  the  salts  of  the  rare  earth  metals  (Crookes ; 
Meyer  and  Wassjuchnow). 

Scandium  fluoride,  like  zirconium  fluoride,  is  soluble  in  solutions  of  the 
alkali  fluorides.  Scandium  ammonium  fluoride,  ScFg.SNH^F,  is  readily 
soluble  in  water,  from  which  it  crystallises  in  octahedra.  It  is  decomposed 
by  hydrochloric  or  dilute  sulphuric  acid  with  the  precipitation  of  scandium 
fluoride  or  scandium  ammonium  sulphate.  In  aqueous  solution  it  may  be 
regarded  as  yielding  chiefly  the  ions  SNH^'  and  ScFg'",  since  it  does  not  give 
any  precipitate  when  boiled  with  ammonia.  Sodium  or  potassium  hydroxides, 
however,  precipitate  scandium  hydroxide.  The  corresponding  potassium 
and  sodium  salts,  ScFg.SKF  and  ScFg.SNaF,  are  known;  they  are  less 
soluble  in  water  and  less  “complex”  than  the  ammonium  salt  (Meyer  and 
Wassjuchnow). 

Scandium  chloride,  ScClg,  may  he  prepared  by  heating  scandia  in  a 
current  of  disulphur  dichloride  vapour  and  chlorine.  It  is  a  white  solid  which 
begins  to  sublime  at  800°.  It  is  hygroscopic  and  dissolves  in  water  with 
evolution  of  heat,  but  it  is  insoluble  in  alcohol  (Meyer  and  Winter). 

When  scandium  hydroxide  or  oxide  is  dissolved  in  hydrochloric  acid  and 
the  solution  concentrated,  flne  white  needles  of  the  hexahydrate,  ScClg.OH^O, 
separate  out.  It  is  deliquescent  and  soluble  in  alcohol;  dried  at  100°  it 
becomes  converted  into  2SCCI3.3H2O,  and  this  loses  hydrogen  chloride  when 
further  heated  (Crookes).  An  aqueous  solution  of  scandium  chloride  reacts 
acid,  owing  to  hydrolysis  (p.  209). 

Scandium  chloride  forms  a  very  soluble  double  chloride  with  ccesium 
chloride  (Meyer  and  Wassjuchnow).  The  aurichloride,  3ScCl3.2AuCl3.2iH.3O, 
forms  readily  soluble,  yellow  crystals,  which  lose  water  when  carefully  dried, 
and  yield  the  hydrates  with  SHgO  and  2H2O,  and  Anally  the  anhydrous  salt 
(Crookes). 

Scandium  bromide,  ScBr3.6H20,  is  prepared  in  the  same  manner  as 
the  chloride.  It  forms  rhombic  crystals  which  at  120°  are  converted  into 
2ScBr3.3H.2O  (Crookes). 

Scandium  perchlorate,  Sc(C10^)3.a;H20,  from  scandium  hydroxide  and 
perchloric  acid,  crystallises  as  a  felt-like  mass  of  colourless,  rhombic  needles 
(Crookes). 

Scandium  iodate,  Sc(I03)3.18H20,  from  scandium  chloride  and  potassium 
iodate,  is  a  white,  crystalline  powder  almost  insoluble  in  water,  but  soluble 
in  nitric  acid.  When  dried  at  250°  it  becomes  anhydrous ;  at  intermediate 
temperatures,  hydrates  with  IhHnO,  I3H2O,  and  IOH.2O  may  be  obtained 
(Crookes). 

Scandium  and  the  Oxygen  Group. 

Scandium  sesquioxide  or  scandia,  Sc.^Oj,  is  obtained  by  igniting  the 
hydroxide,  carbonate,  oxalate,  nitrate,  sulphate,  etc.,  of  scandium.  It  is  a 
white  powder  of  density  3-864,  and  specific  heat  0  1530  (0°  to  100°).^  It  is 
diamagnetic,  the  magnetic  susceptibility  being  -0  05  x  10“®  c.g.s.  electro¬ 
magnetic  units  per  unit  mass.^  It  dissolves  slowly  in  cold,  more  readily  in 

^  Nilson  and  Pettersson,  Cornet,  rend.,  1880,  91,  232  ;  Ber.,  1880,  13,  1459. 

^  R.  J.  Meyer  and  Wuorinen,  ZeiUch.  anorg.  Chem..,  1913,  80,  7. 
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hot  dilute  acids,  aiid  very  readily  in  hot  concentrated  acids,  scandium  salts 
and  water  being  produced. 

Scandium  hydroxide,  Sc(0H)3,  is  obtained  as  a  white,  bulky,  gelatinous 
precipitate  by  adding  ammonium  or  sodium  hydroxide  to  a  solution  of  a 
scandiurd  salt.  When  dried  in  the  air  it  has  a  composition  corresponding  to 
the  above  formula.  The  hydroxide  is  a  rather  weak  base,  with  a  marked 
tendency  to  form  basic  salts.  It  readily  dissolves  in  acids,  forming  salts  which 
have  a  sweet,  astringent  taste. 

Scandium  sulphide,  SC2S3,  is  a  yellow  solid  obtained  by  heating 
scandium  sulphate  in  hydrogen  sulphide.  It  is  stable  in  air,  even  at  100°, 
but  is  decomposed  by  dilute  acids  or  boiling  water  with  evolution  of 
hydrogen  sulphide.^ 

Scandium  sulphite,  802(803)3,  is  obtained  as  a  white  precipitate  by 
mixing  solutions  of  scandium  chloride  and  sodium  sulphite  (Crookes)  ;  by 
passing  sulphur  dioxide  through  an  aqueous  suspension  of  scandium  hydroxide, 
the  hexahydrate  802(803)3.61120,  may  be  obtained.  It  is  soluble  in  aqueous 
ammonium  sulphite,  and  by  evaporating  the  solution  in  an  atmosphere  of 
sulphur  dioxide,  scandium  ammonium  sulphite,  8co(80o)o.(NH,)o80o.7H„0,  is 
obtained  (Meyer  and  Drapier). 

Scandium  basic  thiosulphate,  8c(0H)820g,  is  obtained  as  a  white, 
flaky  precipitate  when  sodium  thiosulphate  is  added  to  hot  aqueous  scandium 
chloride.  Thorium  and  zirconium  are  similarly  precipitated,  but  not  the  rare 
earth  elements  (Meyer  and  Drapier). 

Scandium  sulphate,  802(80^)3,  is  obtained  by  dissolving  the  oxide, 
hydroxide,  or  carbonate  in  sulphuric  acid,  and  gently  heating  until  water  and 
excess  of  sulphuric  acid  are  eliminated.  It  is  a  white  powder  of  density  2’579, 
and  specific  heat  0T639  between  0°  and  100°. ^  The  sulphate  dissolves  readily 
in  water;  at  12°  there  are  44‘5  parts  of  anhydrous  sulphate  in  100  of  the 
saturated  solution  (Crookes).  Unlike  the  rare  earth  sulphates,  the  solubility 
does  not  diminish  with  rise  of  temperature.  8candium  sulphate  is  not 
deliquescent  and  is  insoluble  in  alcohol. 

From  a  concentrated  aqueous  solution  the  hexahydrate,  802(80^3.61120, 
crystallises  out  in  small  globular  aggregates.  This  hydrate  effloresces  in  dry 
air  and  leaves  the  pentahydrate,  802(804)3.51120.  The  pentahydrate  is  the 
stable  phase  in  contact  with  the  solution  at  25°,  at  which  temperature 
100  gi-ams  of  solution  contain  28-5  grams  of  anhydrous  sulphate.  The 
solubility  alters  with  the  addition  of  siilphuric  acid,  as  shown  by  the  following 
data ; — ® 


Grams  of  H28O4  per  litre  .  .  .  O'O  24‘5  49‘0  121'5  243'3 

Normality  of  H28O4  .  .  .  .  O’O  0'5  I'O  4‘86  9’73 

Grams  803(804)3  per  100  of  solution  .  28'52  29‘29  19'87  8'36  U32 

When  dried  over  sulphuric  acid  the  pentahydrate  changes  into  the  tetra- 
hydrate,  and  this  at  100°  becomes  converted  into  the  dihydrate.  The  latter 
may  be  dehydrated  at  250°. 

8candium  sulphate  solution  is  only  slowly  and  incompletely  precipitated 
by  oxalic  acid  and  by  sodium  thiosulphate.  Moreover,  the  equivalent 


1  Wirtli,  Zeitsch.  anorg.  Chem.,  1914,  87,  5. 
^  Nil  son  and  Pettersson,  loc.  cit. 

®  Wirth,  Zeitsch.  anorg.  Chem.,  1914,  87,  9. 
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conductivity  is  abnormal,  in  that  (A.1024-^32)  i®  much  smaller  than  would  be 
anticipated.  This  is  shown  by  the  following  data  : — 


Temperature,  25°  G. 

v  = 

32 

64 

128 

256’ 

512 

1024 

Mo24  ~  ^32- 

803(804)3  . 

28-3 

33-8 

40-1 

47-7 

57-6 

72-1 

43-8 

063(804)3  .  . 

35-1 

42-0 

49-9 

60-2 

72-7 

87-1 

52-0 

Al3(804)3  .  . 

51-1 

60-6 

71-2 

83-1 

95-3 

107-2 

56-1 

01-3(804)3  .  . 

67-4 

78-3 

90-7 

105-0 

119-3 

128-1 

60-7 

The  explanation  of  these  anomalous  results  is  that  scandium  sulphate  is 
really  the  scandium  salt  of  a  complex  scandium-sulphuric  acid,  H3[Sc(S04)3]  ; 
thus,  Sc[Sc(S04)3].  In  confirmation  of  this  view  it  is  found  that  whereas  in 
migration  experiments  with  scandium  nitrate  and  chloride  solutions  nothing 
abnormal  is  observed,  with  scandium  sulphate  a  considerable  quantity  of 
scandium  migrates  to  the  anode  (Meyer  and  Bodlander). 

A  basic  sulphate,  SC2O3.2SO3,  is  produced  when  scandium  sulphate  is 
heated  to  dull  redness  (Crookes).  When  scandium  sulphate  pentahydrate  is 
dissolved  in  sulphuric  acid  of  density  1'6  acid  scandium  sulphate  (or 
seandium-sulplmriG  acid),  802(804)3.311280^  (or  11380(804)3),  crystallises  from 
the  solution.^ 

Scandium  potassium  sulphate,  8c2(804)3.'3K2804  or  K38c(S04),p  is 
obtained  by  adding  an  excess  of  potassium  sulphate  to  a  solution  of  scandium 
sulphate.^  It  is  moderately  soluble  in  water  and  dilute  potassium  sulphate 
solution,  but  practically  insoluble  in  a  saturated  solution  of  potassium 
sulphate.®  In  this  respect  scandiuin  resembles  the  metals  of  the  cerite 
earths. 

Scandium  ammonium  sulphate,  802(80^)3. 3 (NH4)2804,  resembles  the 
potassium  salt  closely  (Meyer  and  Winter).  When  its  aqueous  solution  is 
boiled,  the  sparingly  soluble  double  salt,  802(864)3. 2(NH4)2S04,  separates  out 
(Meyer  and  Drapier). 

Scandium  sodium  sulphate,  8c2(8O4)3.3Na2SO4.10H2O,  can  only  be 
prepared  in  the  presence  of  a  large  excess  of  sulphuric  acid.  It  is  readily 
soluble  in  water  and  in  concentrated  sodium  sulphate,  thereby  resembling 
thorium  sodium  sulphate  (Meyer  and  Drapier). 

Scandium  selenite,  802(8603)3,  is  an  amorphous,  white  solid,  insoluble  in 
water.  When  heated  with  excess  of  aqueous  selenious  acid  it  is  converted  into  a 
crystalline,  insoluble  acid  scandium  selenite,  8c2(8e0g)3.3H2Se03  (Nilsou), 

Scandium  selenate,  8c2(8e04)3,  crystallises  from  water  in  rhombic 
prisms  of  the  octahydrate,  802(8604)3.81120.  When  dried  at  100°  the 
dihydrate  is  formed,  and  this  is  completely  dehydrated  at  400°  (Crookes). 


80ANDIUM  AND  THE  Nitrogen  Group. 

Scandium  nitrate,  8c(N03)3,  crystallises  from  a  neutral  aqueous  solutionas 
colourless,  deliquescent,  prismatic  crystals  of  the  tetrahydrate,  8c(N 03)3.41120, 


^  Wirth,  Zeitsch.  anorg,  Chem.,  1914,  87,  1. 
®  Nilson,  loo.  cit,  ;  Crookes,  loc.  cit. 


®  Nilson,  loe.  cit. 
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soluble  in  alcohol.  ,  .The  ^tetrahydrate  becomes  pasty  and  anhydrous  at  100°. 
Basic  salts  of  the  formulae  Sco0,.2No0..3H.,0  and  Sc,,Oo.2NoO,  have  also 
been  described  (Crookes).  2325 

The  nitrate  is  readily  decomposed  by  heat  with  the  production  of  basic 
scandium  nitrates,  and  finally  of  scandia. 


Scandium  and  the  Caebon  ■  Geoup. 

Scandium  carbonate,  802(003)3.121120,  is  obtained  as  a  white,  bulky 
precipitate  when  a  soluble  carbonate  is  added  to  a  scandium  salt.  It  has 
the  above  composition  when  air-dried.  Scandium  carbonate  is  rather  unstable, 
and  when  dried  at  100°  it  loses  a  little  carbon  dioxide  (Crookes). 

Scandium  carbonate  dissolves  in  hot  aqueous  sodium  or  ammonium 
carbonate.  When  these  solutions  are  boiled,  difficultly  soluble  scandium 
sodium  carbonate,  Sc2(C03)3.4Na2C03.6H20,  and  scandium  ammonium 
carbonate,  2Sc2(C03)3.(NH4)2C03.6H20,  are  obtained  as  crystalline  precipi¬ 
tates.  These  double  carbonates  dissolve  without  decomposition  in  a  large 
volume  of  cold  water,  but  when  the  solutions  are  boiled,  basic  salts  or 
hydroxide  separate  (R.  J.  Meyer  and  Winter). 

Scandium  oxalate,  Sc2(C204)3,5H20,  may  be  precipitated  from  an 
aqueous  solution  of  a  scandium  salt  by  oxalic  acid,  and  when  air-dried,  forms 
a  white,  crystalline  powder  of  the  above  composition.  It  is  slightly,  but 
distinctly  soluble  in  water.  In  dilute  acids  it  is  less  soluble  than  the 
oxalates  of  the  rare  earth  elements,  as  will  be  seen  from  figs.  19  and  21, 
and,  unlike  the  rare  earth  oxalates,  it  is  more  soluble  in  dilute  sulphuric 
than  in  hydrochloric  acid.  In  these  respects  it  resembles  thorium  oxalate. 
The  solubility  data  are  as  follows  (see  fig.  19) : — ^ 


Normality 
of  Acid. 

Grains  of  802(0204)3  per  100  Grams  of  Saturated  Solution. 

Hydrochloric  Acid. 

Sulphuric  Acid. 

25°. 

0 

0 

0 

0 

<M 

50°. 

0-1 

0-0299 

0-0420 

0-0385 

0-0662 

0-5 

0-0650 

0-0870 

0-0997 

0-1481 

1-0 

0-1020 

0-1435 

0-1663 

0-2493 

2’0 

0-1716 

•  0-2.O56 

0-3176 

0-4429 

5-0 

0-4170 

0-6533 

0-7761 

1-1280 

Boiling  10  per  cent,  hydrochloric  acid  dissolves  0-8  per  cent,  of  its  weight  cf 
hydrated  scandium  oxalate ;  the  20  per  cent,  acid,  1  '8  per  cent,  of  oxalate 
(Meyer  and  Winter). 

When  dried  over  sulphuric  acid,  the  trihydrate,  Sc2(C204)3.3H20,  is 
obtained  ;  at  100°  the  dihydrate,  and  at  140°  the  monohydrate  is  produced 
(Crookes). 

2  R.  J.  Meyer  and  Wassjuchnow,  Zeiisch.  anorg.  Chevi.,  1914,  86,  284  ;  cf.  Wirth,  Hid., 
1914,  87,  11. 
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Scandium  oxalate  dissolves  readily  in  hot  ammonium  oxalate  solution, 
less  readily  in  potassium  or  sodium  oxalate,  and  on  cooling,  crystalline  double 

oxalates  of  the  type  802(0204)3. 3R'^C204.10H20,  or  Rg[Sc(C204)3].5H20,  separate 
outd  Scandium  oxalate  has  a  strong  tendency  towards  double  salt  formation, 

and  when  a  solution  of  sodium 
or  potassium  oxalate  is  added 
to  one  of  scandium  nitrate, 
the  crystalline  precipitate  first 
produced  is  a  double  oxalate 

of  the  type  802(0204)3.  R2C2O4 
(Meyer  and  Wassjuchnow). 

Scandium  acetylace- 
tonate  [(0H3.00)20H]3Sc,  is 
obtained  by  adding  scandium 
chloride  solution  to  acetyl- 
acetone  dissolved  in  a  slight 
excess  of  ammonia.  It  may  be 
purified  by  crystallisation  from 
70  per  cent,  alcohol,  or  by 
dissolving  it  in  benzene  and 
precipitating  with  light 
petroleum.  By  the  former 
method  it  crystallises  in 
colourless  sparkling  prisms ; 
by  the  latter,  in  needles.  It 
is  soluble  in  ether  and  chloro- 
Normaliby  oF Add  form,  and  melts  at  188°  0. ; 

Fig.  19.-Solubility  of  scandium  oxalate  in  acids.  crystallises  in  the  rhombic 

system  and  is  isomorpnous 

with  the  indium  salt.^  Molecular  weight  determinations  have  been  made  by 
the  freezing-point  method  in  benzene,  and  by  the  boiling-point  method  in 
benzene,  chloroform  and  carbon  disulphide,  and  the  results  show  clearly 
that  the  molecular  formula  is  that  given  above,  and  not  [(CH3.CO)2CH]2Sc 
or  [(CH3.CO)2CH]4Sc2,  with  Sc  =  29.3 

tinder  a  pressure  of  8  to  10  mm.,  scandium  acetylacetonate  begins  to 
sublime  at  157°,  and  sublimes  rapidly  at  187°  without  decomposition.  At 
atmospheric  pressure  it  melts  at  188°,  and  commences  to  volatilise  appreciably 
at  190° ;  no  decomposition  occurs  below  250°.^  The  acetylacetonate  does  not 
combine  with  ammonia.  In  its  properties  it  therefore  resembles  thorium 
acetylacetonate  closely,  and  differs  appreciably  from  the  acetylacetonates  of 
the  rare  earth  elements. 

Scandium  Salts  of  Organic  Acids. — Many  of  these  salts  have  been 
described  by  Crookes. 

Scandium  silicate  (see  p.  205). 


^  Wirth,  Zeitsch,  anorg.  Ghem.,  1914,  87,  1.  Meyer  and  Wassjuchnow  {loc.  eit.)  describe 
the  salt  Sc2( 0304)3. 4(NH4)2C204. 7  HgO.  • 

®  Jaeger,  Proe.  K.  Akad.  Wetensch.  Amsterdam,  1914,  16,  1095  ;  Rec.  trav.  chim.,  1914, 
33.  342. 

®  Meyer  and  Winter,  loc,  eit.  ;  Meyer,  Zeitsch,  anorg.  Ghem.,  1914,  86,  288  ;  Morgan 
and  Moss,  Trans.  Ghem.  Soc.,  1914,  105,  196. 

^  Morgan  and  Moss,  loc.  cit. 
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Scandium  and  Boron. 

Scandium  orthoborate,  ScBOg,  prepared  by  fusing  boric  anhydride 
with  scandia  and  extracting  the  excess  of  boric  anhydride  with  water,  is  a 
white,  insoluble  powder  (Crookes). 


Detection  and  Estimation  op  Scandium. 

Minute  amounts  of  scandium  may  be  detected  in  minerals,  etc.,  owing 
to  the  extreme  delicacy  of  its  spark  and  arc  spectra.  When  utilising  the 
spark  spectrum  it  is  tirst  necessary  to  decompose  the  substance  under 
examination,  precipitate  the  earths  as  oxalates,  ignite,  and  dissolve  the 
residual  oxides  in  hydrochloric  acid.  Owing  to  the  slight  solubility  of 
scandium  oxalate  in  hydrochloric  acid,  the  filtrate  from  the  oxalates  should 
be  precipitated  with  ammonia,  and  the  precipitate  likewise  tested  for 
scandium.  In  examining  rare  earth  minerals  it  is,  moreover,  necessary  to 
concentrate  the  scandium  into  a  small  fraction  of  the  rare  earths.  It  is 
also  necessary  to  carry  out  a  preliminary  chemical  treatment  before  examin¬ 
ing  the  arc  spectra  when  rare  earth  minerals  are  being  examined,  but  with 
other  minerals  and  rocks  it  suffices  to  powder  the  substance,  heat  it  to 
redness  in  order  to  drive  off  water  and  gases,  and  then  examine  the  arc 
spectrum  of  the  powder  in  the  usual  way,  using  a  carbon  arc.  At  least  0'5 
gram  must  be  used,  and  it  must  be  completely  vaporised  if  traces  of  scandium 
are  to  be  detected.^  The  spectroscopic  investigation  should  be  made  by  the 
photographic  method,  the  region  from  3500  to  3700  being  particularly 
examined  (Crookes). 

The  most  intense  lines  in  the  arc  and  spark  spectra  of  scandium  are  as 
follows :  — 2 

spark:  3353-89,  3558-71,  3567-88,  357272,  3576-53,  3581-15,  3613-98, 
3630-90,  3642-96,  3651-96,  4247-00,  4314-25,  4320-91,  4325  15, 
4374-68,  4400-56,  4415-72. 

arc:  3353-89,  3372-33,  3558-69,  3567  88,  3572-72,  3576-53,  3613-98, 

3630-90,  3642-96,  3907  69,  3912-03,  4020-55,  4023-83,  4247-00, 

4314-25,  4320-91,  4325-15,  4374-68,  4400-56,  4415-72,  6305-88. 

The  arc  spectrum  of  scandium  consists  of  two  distinct  sets  of  lines  which 

behave  very  differently  in  solar  spectra.  One  of  these  sets  corresponds  to 
the  “enhanced”  lines  of  other  elements.  The  arc  spectrum  when  taken  in 
air  shows  very  characteristic  flutings  due  to  scandium  oxide.  They  disappear 
when  the  arc  is  taken  in  hydrogen,  and  at  the  same  time  the  spectrum 
approximates  to  that  observed  with  the  spark  discharge  (Fowler). 

For  the  quantitative  estimation  of  scandium  it  is  precipitated  as  the 
oxalate  and  weighed  as  the  sesquioxide. 


1  Eberhard,  Sitzungsher.  K.  Alcad.  Wiss.  Berlin,  1908,  p.  851  ;  1910,  p.  404  ;  Chem. 
News,  1909,  99,  30  ;  1910,  I02,  211. 

“  Lockyer  and  Baxandall,  Proc.  Roy.  >S'oc.,  1905,  74j  j  Fowler,  Fhil,  Trans.,  1908, 
A,  209,  47;  Proc.  Roy.  Soc.,  1908,  A,  8i,  335  ;  Extier  and  Haschek,  Die  Spektren  der 
Elemente  hei  normalem  Druck  (Leipzig  and  Vienna,  1911),  vol.  i.  ;  Kayser,  Handhuch  der 
Spektroskopie  (Leipzig,  1912),  vol.  vi.  p.  444. 
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THE  RARE  EARTH  ELEMENTS. 

Introductory. — “Chemists  distinguish  such  substances  by  the  name  of  pure 
earth,  as  are  brittle,  incombustible,  infusible  by  the  heat  of  furnaces,  not 
soluble  in  several  hundred  times  their  weight  of  water,  and  destitute  of 
metallic  splendour.  There  are  few  earthy  substances  which  may  not  be 
reduced  by  analysis  to  one  of  the  five  following  primitive  earths : — the 
siliceous,  argillaceous,  calcareous,  ponderous,  and  magnesian  earths ;  or  other¬ 
wise,  taken  substantively,  they  are  called  silex,  clay,  lime,  barytes,  and 
magnesia.”  ^ 

The  preceding  quotation  will  serve  to  show  the  meaning  attached  by 
chemists  to  the  term  earth  at  the  time  when  the  foundations  of  modern 
chemistry  were  being  laid.  Five  earths  were  recognised,  viz.,  silica,  alumina, 
baryta,  lime,  and  magnesia,  and  the  existence  of  another  (strontia)  strongly 
suspected.  Glucina  or  beryllia  was  added  to  the  list  in  1798,  and  a  number 
of  further  additions  were  made  within  the  next  twenty  years  from  that  date. 
It  will  be  noticed  that  the  earths  all  agree  in  one  respect,  viz.,  they  are  oxides 
which  can  only  be  reduced  with  great  difficulty.  That  the  earths  were  oxides 
was  suspected  by  Lavoisier,  and  Davy’s  classic  experiments  (1808)  on  the 
electrolysis  of  the  alkalies  and  alkaline  earths  afforded  the  first  experimental 
confirmation  of  this  view.  By  Berzelius,  Gmelin,  and  others  the  earths  were 
usually  divided  into  two  groups,  (i.)  the  alkaline  earths  (lime,  strontia,  baryta, 
and  magnesia),  and  (ii.)  the  earths  proper;  their  metallic  constituents  were 
classified,  together  with  the  alkali  metals,  as  light  metals.  Moreover,  silica 
was  sometimes  removed  from  the  list  of  earths  and  placed  among  the  acids. 

For  a  considerable  number  of  years  it  has  been  customary  to  refer  to 
certain  earths  as  the  rare  earths,  since  for  many  years  after  their  discovery 
the  only  available  sources  of  them  were  a  number  of  rare  minerals,  found 
principally  in  Scandinavia.  Originally,  two  such  earths  were  recognised, 
ceria  and  yttria;  these  initial  rare  earths,  however,  have  proved  to  be  so 
extremely  complex  that  at  the  present  time  fifteen  rare  earths  receive  official 
recognition,  and  it  is  probable  that  the  existence  of  one  or  two  more  will  be 
substantiated. 

There  is  no  precise  limitation  to  the  nature  of  the  earths  that  are  to  be 
regarded  as  rare  earths.  In  this  book  the  term  rare  earths  is  restricted  to 
tke  sesquioxides,  MgOg,  that  have  been  recognised  as  components  of  the 
original  “  ceria  ”  and  “yttria ’’and  to  cerium  sesquioxide.^  Accordingly  the 
earths  glucina,  thoria,  and  zirconia,  and  the  earth-acids,  viz.,  titanic  oxide 
and  the  pentoxides  of  columbium  and  tantalum,  are  not  discussed,  although 

’  Nicholson,  The  First  Principles  of  Chemistry,  3rd  ed.,  1796,  p..99, 

®  Ceria  itself  is  a  dioxide,  CeOg. 
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some  authors  include  them  among  the  rare  earths.  Moreover,  scandia  is  not 
included  among  the  rare  earths,  but  is  given  separate  treatment  (Chapter  IX.). 

The  I'are  earth  elements,  their  symbols,  and  atomic  weights  are  given  in 
the  following  table,  in  which  the  elements  are  divided  into  three  groups  for 
reasons  that  will  be  subsequently  explained  (p.  249) — 


Cerium  Group. 

Terbium  Group. 

Yttrium  Group. 

Lanthanum  . 

La 

139-0 

Europium 

Eu 

152-0 

Dysprosium  . 

Dy 

162-5 

Cerium  . 

Ce 

140-25 

Gadolinium  . 

Gd 

157-3 

Holmium 

Ho 

163-5 

Praseodymium 

Pr 

140-9 

Terbium 

Tb 

159-2 

Yttrium 

Y 

88-7 

N  eodymium  . 

Nd 

144-3 

Erbium  . 

Er 

167-7 

Samarium 

Sm 

150-4 

Thulium 

Tm 

168-5 

Ytterbium 

Yb 

173-5 

Lutecium 

Lu 

175-0 

Celtium 

Ct 

2 

From  the  analytical  point  of  view,  the  rare  earth  elements  resemble 
aluminium  and  chromium ;  from  other  points  of  view  they  resemble  the 
alkaline  earth  metals  and  bismuth.  Their  most  striking  characteristic,  how¬ 
ever,  is  their  extraordinary  chemical  similarity  one  with  another,  and  since 
the  rare  earths  are  always  associated  together  in  nature,  their  separation 
from  one  another  is  a  very  formidable  task.  The  difficulties  encountered  far 
surpass  those  met  with  in  separating,  say,  calcium  from  strontium,  or  nickel 
from  cobalt ;  in  the  separation  of  the  rare  earth  elements,  analytical  methods 
similar  to  those  ordinarily  employed  in  analysis  are  restricted  to  the  separa¬ 
tion  of  cerium  from  the  others. 

In  the  present  chapter  a  general  account  of  the  chemistry  of  the  rare 
earth  elements  is  given.  In  Chapter  XL  the  separation  of  the  rare  earths  is 
discussed,  and  in  Chapters  XII.,  XIII.,  and  XIV.  the  individual  rare  earth 
elements  and  their  compounds  are  described. 

Occurrence.^ — In  minute  quantities,  the  rare  earths  are  extremely 
widely  disseminated .  in  nature.  This  has  been  shown  especially  by  experi¬ 
ments  dealing  with  cathodic  phosphorescence  spectra.®’ °  Traces  of  rare 
earths  occur  in  many  minerals,  of  which  scheelite,®’  ®’  pitchblende,  apatite,®-  ® 
certain  varieties  of  calcite,®’’^  fluorspar,®’^’®  cassiterite,®  and  wolframite® 
may  be  particularly  mentioned.  Eare  earths  have  also  been  detected  in  coral,^ 
bones,®’  ®  the  ashes  of  rice  and  tobacco,®’  ®  etc. 

The  number  of  mineral  species  containing  the  rare  earths  is  very  large. 
They  consist  for  the  most  part  of  silicates,  titanates,  zirconates,  tantalates, 

^  See  Schilling,  Das  Vorkommen  der  seltenen  Erden  im  Mineralreiche  (Munich  and 
Berlin,  1904);  Brogger,  Zeitsch.  Kryst.  Min.,  1890,  i6,  and  Mineralien  der  sildnor- 
wegischen  Gfranit-Pegmatitgdnge,  1906  ;  Cahen  and  Wootten,  The  Mineralogy  of  the  Rarer 
Elements  {G.  GrifBn&Co.,  Ltd.,  1912);  Levy,  The  Rare  Earths  (Arnold,  1915),  and  the 
larger  mineralogical  text-books  of  Dana,  Hintze,  Doelter,  etc. 

2  Crookes,  Phil.  Trans.,  1883,  174,  iii.  891  ;  Ghem.  News,  1884,  49,  159,  169,  181, 
194,  205. 

®  Urbain  and  Seal,  Gompt.  rend.,  1907,  144,  30. 

*  Urbain,  Ann.  Ghim.  Phys.,  1909,  [viii.],  18,  356. 

®  de  Rohden,  Gompt.  rend.,  1914,  159,  318  ;  Ann.  Ghim.,  1915,  [ix,],  3,  338. 

®  Cossa,  Gazzetta,  1879,  9,  118  ;  1880,  10,  465. 

’  Headden,  Amer.  J.  Sci.,  1906,  [iv.],  21,  301. 

®  Humphreys,  Astrophys.  J.,  1904,  20,  266. 

®  Eberhard,/S'ftoM»g'sSer.  K.  Akad.  JViss.  Berlin,  1908,  p.  851  ;  1910,  p.  404. 
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and  phosphates,  in  which  the  rare  earths  are  associated  with  lime,  thoria, 
glucina,  oxides  of  iron,  uranium,  etc.  They  occur  principally  as  included 
minerals  in  granite  and  pegmatite. 

The  minerals  occur  mainly  in  four  or  five  localities.  The  Scandinavian 
deposits  were  the  first  known,  and,  although  not  very  plentiful,  are  extremely 
rich  in  mineral  species.  In  Norway,  the  chief  localities  are  near  Langesund 
Fiord,  and  include  Arendal,  Brewik,  Kragero,  Hittero,  Riser,  and  Moss ;  the 
Swedish  deposits  are  found  at  Ytterby  and  Bastnas.  The  granites  and 
pegmatites  of  the  coast  of  Greenland  are  also  rich  in  these  minerals,  which 
are  almost  invariably  associated  with  mgirite.  In  North  America,  deposits 
occur  in  North  and  South  Carolina,  Colorado,  Virginia,  Idaho,  Maine,  and 
particularly  at  Barringer  Hill,  Llano  Co.,  Texas.^  In  South  America,  large 
deposits  of  monazite  sand  occur  in  Brazil,  particularly  in  the  provinces  of 
Bahia,  Minas  Geraes,  Espirito  Santo,  Matto  Grosso,  and  Goyaz.  Other 
deposits  of  rare  earth  minerals  are  found  in  the  Urals,  particularly  at  Miask. 

Among  the  most  important  rare  earth  minerals  are  cerite,  allanite,  monazite, 
xsehynite,  gadolinite,  xenotime,  fergusonite,  yttrotantalite,  samar^Mte,  poly- 
crase,  and  euxenite.  The  first  four  of  these  minerals  are  rich  in  ceria  earths 
and  poor  in  yttria  earths,  the  reverse  being  true  of  the  others. 

Cerite  consists  essentially  of  a  hydrated  silicate  of  ceria,  with  small 
amounts  of  iron,  calcium,  etc.  It  crystallises  in  orthorhombic  prisms 
(a  :  6  :  c  =  0'999  :  1  :  0’813),  but  commonly  occurs  in  the  massive  or  granular 
form,  and  contains  59  to  72  per  cent,  of  ceria.^  The  amount  of  yttria^ 
present  may  reach  7  per  cent.  Hardness,  5-5  ;  density,  4‘86  to  4-91.  The 
colour  varies  from  red  to  brown  or  grey.  Cerite  is  found  embedded  in 
gneiss  at  Bastnas,  associated  with  mica,  hornblende,  allanite,  and  chalcopyrite. 

Allanite  or  ortliite  (varieties,  iucklandite,  uralorthite,  bagrationite,  scan- 
dium-orthite,  muromontite,  hodenite)  is  a  basic  orthosilicate  of  calcium, 
aluminium,  iron,  and  cerium.  It  crystallises  in  monoclinic  tables,  plates, 
or  needles  (a  :b  :  c=  U551  : 1  :  I'769  ;  /!  =  64°  59')  of  a  reddish-black  colour, 
the  crystals  often  resembling  rusty  nails,  and  generally  contains  from  16  to 
25  per  cent,  of  rare  earths.  Hardness,  5-5  to  6  ;  density,  3 ‘5  to  4-2.  Allanite 
is  found  in  Texas,  Greenland,  Norway,  and  Sweden. 

Monazite,  Ce(La,Di)P04,  is  essentially  cerium  (lanthanum,  etc.)  ortho¬ 
phosphate.  It  forms  monoclinic  crystals  (a  :  ?/ :  c  =  0  969  ;  1  :  0'926  ;  ^  = 
76°  20')  which  vary  in  colour  from  hyacinth-red  to  brown.  Hardness,  5  to 
5'5;  density,  5-0  to  6-2,  and  occasionally  as  high  as  5-6.  It  generally 
contains  60  to  70  per  cent,  of  ceria,  and  from  traces  to  upwards  of  5  per 
cent  of  yttria. 

Monazite  crystals,  which  are  rather  scarce,  are  found  in  granites  and 
granitic  gneisses  in  Norway  and  Greenland,  in  Ceylon,  and  in  one  or  two 
other  localities.  Rolled  grains  of  monazite,  however,  occur  in  abundance, 
being  found  in  large  deposits  of  sand  and  gravel  in  various  localities.  These 
monazite  sands  have  been  produced  by  the  weathering  of  rocks  which 
originally  contained  a  very  small  percentage  of  monazite,  and  the  subsequent 
washing  away  of  the  lighter  materials  produced.  The  monazite  is  associated 
with  mimerous  other  minerals,  e.g.  quartz,  thorite,  zircon,  garnet,  tourmaline, 
hornblende,  augite,  olivine,  topaz,  spinel,  rutile,  magnetite,  titanite  and 
cassiterite. 

1  Hidden  and  Mackintosh,  Amer.  J.  Sci.,  1889,  [iii.],  38,  474  ;  1905,  [iv.],  19,  425. 

2  By  “ceria”  and  “yttria”  throughout  this  section  are  meant  “earths  of  the  cerium 
group  ”  and  “  earths  of  the  yttrium  group  ”  respectively. 
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In  North  and  South  Carolina  monazite  occurs  in  stream  beds  and  placer 
deposits,  its  origin  being  the  granitic  biotite-gneiss  and  dioritic  hornblende- 
gneiss  of  the  surrounding  country.  The  gravel  deposit  varies  from  one  to 
three  feet  in  thickness.  The  Brazilian  deposits  occur  in  the  provinces  already 
mentioned  (p.  218).  They  occur  along  the  coast  and  also  inland,  following 
the  course  of  certain  water-traversed  syenite  rocks  and  gneisses.  Monazite 
sand  is  also  found  in  India  in  the  native  State  of  Travancore,^  in  Ceylon,  in 
various  localities  in  the  Federated  Malay  States,  and  the  protected  States  of 
Kedah  and  Kelantan,^  and  in  various  parts  of  Nigeria.^ 

Monazite  sand  is  of  considerable  commercial  importance,  since  all  monazite 
contains  a  little  thorium,  which  is  employed  in  the  manufacture  of  in¬ 
candescent  gas  mantles.  The  commercial  value  of  a  sample  of  monazite 
sand  depends,  in  fact,  upon  its  thorium  content. 

Most  of  the  world’s  supply  of  monazite  sand  has  come  from  Brazil,  where 
the  annual  production  of  sand  containing  90  per  cent,  of  monazite  exceeds 
6000  metric  tons.  Monazite  separated  from  the  concentrated  sands  found 
on  the  sea  coast  contains  5  to  7  per  cent,  of  thoria ;  monazite  from  the 
inland  deposits  contains  4'0  to  5‘7  per  cent,  of  thoria.^  Prior  to  its  exporta¬ 
tion,  the  sand  and  gravel  is  washed  in  sluice  boxes  like  placer  gold,  and  the 
dried  sand  freed  from  magnetite,  etc.,  by  an  electromagnetic  process.  It  is  not 
difficult  to  “  concentrate  ”  the  sand  in  this  way  till  it  contains  95  per  cent, 
of  monazite.  The  thoria  content  of  the  product  regularly  marketed  varies 
from  5 '75  to  7T  per  cent.®  The  monazite  sand  deposits  in  Carolina  are  poor 
in  thoria  and  of  little  or  no  present  commercial  value,  but  there  is  a  very 
considerable  production  of  the  sand,  very  rich  in  thoria,  from  Travancore. 

The  composition  of  a  number  of  samples  of  monazite  is  given  in  the 
following  table  : —  ® 
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0-75 

0-64 

1-40 
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1-20 
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28 '50 

28-46 

29-28 
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27-87 
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0-38 

0-64 

0-20 

0-20 

0-46 

0-25 

0-44 

1-28 

0-52 

^  Tipper,  Hee.  Oeol.  Survey,  India,  1914,  44,  186  ;  Oh.  of  Comm.  J.,  1915,  34,  205. 

2  Bull.  Imp.  Inst.,  1906,  4,  301  ;  1911,  9,  99. 

®  See  S.  Johnstone,  J.  Soc.  Chem.  Ind.,  1914,  33,  55. 

^  Mineral  Industry,  1909,  18,  537. 

®  Gottschalk,  Chem.  Eng.,  1915,  21,  169  ;  Mining  Engineering  World,  1915,  42,  903. 

®  Data  taken  from  a  paper  by  S.  Johnstone,  J.  Soc.  Chem.  Ind.,  1914,  33,  55.  See  also 
Genth,  Amer.  J.  Sci.,  1889,  38,  203  ;  Blomstraud,  J.  prakt.  Chem.,  1890,  [ii.],  41,  266  ; 
Chem.  Soc.  Ahsts.,  1890,  58,  111,  571  ;  1891,  60,  1168  ;  Glaser,  J.  Amer.  Chem.  Soc.,  1896, 
18,  782  ;  Schilling,  Zeitsch.  angew.  Chem.,  1902,  15,  869. 
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The  preceding  results  refer  to  monazite  carefully  freed  from  admixed  i 

minerals.^  _  ! 

JSschenite,  E,2"'Cb40j3.R2™(TiTh)50j3,  is  a  columbo-titanate  of  cerium ;  i 

it  contains  a  considerable  quantity  of  thorium.  It  crystallises  in  ortho¬ 
rhombic  prisms  or  tables  (a  :  6  :  c  =  0'487  :  1  :  0'674),  which  are  usually  black  ; 

in  colour.  Hardness,  5  to  6  ;  density,  4'93  to  5T7.  ^schenite  contains  15 
to  24  per  cent,  of  ceria,  and  1  to  3  per  cent,  of  yttria.  It  is  found  in  Norway 
and  the  Urals. 

Gadolinite  is  a  basic  orthosilicate  of  yttrium,  glucinum,  and  iron.  It  ' 

forms  monoclinic  prisms  (a.  :b  :  c  =  0'6273  :  1  :  1'3215  ;  ^  =  89°  26‘5'),  and  * 

occurs  in  large  masses,  which  are  dark  in  colour  and  giVe  a  greenish-grey  ‘ 

streak.  Hardness,  6'6  to  7  ;  density,  4’36  to  4-47.  It  contains  36  to  48  per  j 

cent,  of  yttria,  and  5  to  16  per  cent,  of  ceria.  Gadolinite  is  found  as  crystals 
in  granitic  pegmatite  in  Norway  and  Sweden,  and  occurs  abundantly  in 
Llano  Co.,  Texas.^ 

Xenotime  is  essentially  yttrium  orthophosphate,  YPO4.  It  forms  tetragonal 
crystals  (u  :  c  =  1  :  0'6187)  resembling  zircon.  Hardness,  4  to  5  ;  density,  4’45 
to  4‘56.  It  contains  54  to  64  per  cent,  of  yttria,  and  from  8  to  11  per  cent, 
of  ceria.  Xenotime  occurs  in  gneiss,  granites,  syenites,  and  in  their  pegmatite 
veins  in  Norway,  Sweden,  Switzerland ;  it  is  also  found  in  the  monazite  sands  , 

of  Carolina,  Georgia,  and  Brazil. 

Fergusonite,  (Y,Ce)(Cb,Ta)04,  is  a  metatantalate  and  columbate  of  yttrium. 

It  crystallises  in  tetragonal  bipyramids  (a:c  =  l  :  1'464)  of  brownish-black 
colour,  and  gives  a  pale  brown  streak.  Hardness,  5 '5  to  6  ;  density,  5 ’8.  It 
contains  30  to  46  per  cent,  of  yttria,  and  upwards  of  9  per  cent,  of  ceria ;  also 
thorium  and  uranium  in  considerable  quantity.  Fergusonite  was  discovered 
in  quartz  in  Greenland ;  it  occurs  in  Texas,  Virginia,  and  Carolina,  associated 
with  samarskite  and  gadolinite,  and  in  Norway  and  Sweden,  associated  with 
euxenite.  ^ 

Yttrotantalite  and  samarskite  are  columbo-tantalates  of  yttrium,  iron,  and  ! 

calcium.  Samarskite  differs  from  yttrotantalite  in  being  rich  in  uranium. 

Both  minerals  are  orthorhombic  and  reddish-brown  to  black  in  colour.  Hard¬ 
ness,  5  to  6 ;  density,  5*5  to  5'9.  Yttrotantalite  contains  17  to  38  per  cent, 
of  yttria,  and  upwards  of  2  per  cent,  of  ceria;  samarskite,  5  to  21  per  cent, 
of  yttria,  and  from  2  to  5  per  cent,  of  ceria.  Both  minerals  occur  in  granite 
pegmatite  in  various  localities;  samarskite  occurs  massive  in  North  Carolina 
in  large  quantities.® 

Euxenite  is  a  columbo-titanate  of  yttrium,  which  contains  uranium.  It  is 
orthorhombic  (a  :b  :c  =  0'364  : 1  : 0’303),  but  usually  occurs  in  brownish-black 
masses  which  have  a  pitchy  lustre  and  give  a  yellow  to  reddish-brown  streak. 

Hardness,  6-5;  density,  4'6  to  5-0.  It  contains  13  to  30  per  cent,  of  yttria, 
and  2  to  8  per  cent,  of  ceria.  Euxenite  is  found  in  Norway  and  Greenland. 

Polycrase  is  similar  in  composition  to  euxenite,  with  which  it  is  iso- 


'  For  a  bibliography  of  the  literature  on  monazite  so  far  as  1894,  see  Nitze,  Sixteenth 
Ann.  Rep.  U.S.  Geol.  Survey,  1894-95,  p.  667.  For  discussions  of  the  constitution  of 
monazite,  see  Dunnington,  Amer,  Chem.  J.,  1882,  4,  138;  Penfield,  Amer.  J.  Sci.,  1882, 
24,  250;  1888,  36,  322;  Rammelsberg,  Zeitsch.  Kryst.  Min.,  1879,  3,  101;  Blomstrand, 
loe.  eit.,  and  Zeitsch.  Kryst.  Min.,  1887,  6,  160  ;  1892,  10,  367  ;  Kress  and  Metzger,  J.  Amer. 
Chem.  Soc.,  1909,  31,  640  ;  Johnstone,  loc.  cit. 

^  Hidden  and  Mackintosh,  loc.  cit.  ;  Genth,  Amer.  J,  Sci.,  1889,  [iii.],  38,  198  ;  see 
also  Bull.  U.S.  Geol.  Survey,  1908,  No.  340,  286. 

®  Bull.  U.S.  Geol.  Survey,  1891,  No.  74. 
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morphous,  but  contains  less  columbium  and  more  titanium.  The  present-day 
opinion  is  that  euxenite  and  polycrase  are  members  of  an  isomorphous  series  of 
mixed  yttrium  metacolumbate  and  metatitanate,  and  the  name  euxenite  is 
retained  for  mixtures  in  which  the  ratio  Cb^Og  :  TiOg  exceeds  1  :  2,  while  the 
name  polycrase  is  given  to  the  others.  Euxenite  is  dimorphous,  the  less 
common  crystalline  form  being  called  priorite.  Polycrase  is  likewise  di¬ 
morphous,  the  other  modification  being  known  as  blomstrandine.  Priorite 
and  blomstrandine  are  isomorphous  minerals.  Thus  the  euxenite  group  of 
minerals  constitutes  an  isodimorphous  series.^ 

Among  the  other  rare  earth  minerals  may  be  mentioned  tysonite, 
CeFg ;  yttrqfluorite,^  TOCaF2.mYF3  •,  fluocerite,  Ce^OF^.lCeFg ;  yttrocerite, 
9CaF2.6(Ce,Y)Fg.2H20 ;  parisite,  a  fluocarbonate  of  cerium  and  calcium  j 
cordylite,  a  fluocarbonate  of  cerium  and  barium;  ha&tnoesite,  062(003)3, CeFg ; 
ancylite,  4Oe(OH)0Og,3SrOO3,3H2O ;  lanthanite,  La2(003)38H20 ;  tritomite,  a, 
fluosilicate  of  cerium,  thorium,  and  calcium ;  erdmannite,  a  mineral  resembling 
allanite ;  heckelite,  (Oe,Y)4(SiZr)30a30jg ;  hellandite,  mosandrite,  and  rinldte, 
cerium  silicates ;  tengerite,  Y2(003)3 ;  cappelenite,  a  yttrium  borosilicate ; 
rowlandite,  Y^SigO^g ;  yttrialite,  YgSigO^ ;  thalenite,  HgY^Si^O^g ;  yttrocrasite, 
a  yttrium  and  thorium  titanate ;  Tceilhauite  (or  yttrotitanite),  an  isomorphous 
mixture  of  titanite,  0a(Ti,Si)20g,  and  (Y,Fe,Al)2SiOg ;  pyrochlore,  a  columbate 
of  cerium  and  calcium,  etc.  ;  Icoppite,  50e20b207.2NaF ;  risdrite,^  a  yttrium 
columbate,  Y0b04,  with  an  isomorphous  admixture  of  yttrium  metatitanate 
Y2(Ti03)g ;  sipylite,^  Y0b04 ;  hielmite  and  loranskite,  tantalates  of  yttrium ;  etc. 

The  rare  earth  minerals  have  many  points  of  interest,  which  cannot  be 
discussed  in  this  book.®  It  may,  however,  be  mentioned  that  the  researches 
of  Boltwood  ®  and  Strutt  have  shown  that  in  general  the  rare  earth  minerals 
are  strongly  radioactive,  and  that,  with  the  exception  of  a  few  uranium 
minerals,  scarcely  any  others  exhibit  more  than  a  feeble  radioactivity.  As  a 
rule,  therefore,  the  rare  earth  minerals  are  rich  in  occluded  helium.^  The 
minerals  owe  their  radioactivity  to  the  presence  of  thorium  or  uranium  or 
both.  The  almost  invariable  association  of  these  elements  with  the  rare 
earths  can  scarcely  be  fortuitous,  but  no  explanation  of  it  is  yet  known.  In 
some  cases  the  thorium  or  uranium  is  in  excess  and  only  small  amounts  of 
rare  earths  are  present,  e.g.  thorianite  and  pitchblende ;  in  other  cases  the 
reverse  holds  good,  e.g.  monazite.  Indeed,  in  the  cases  of  monazite  and  a 
number  of  other  minerals  the  small  amounts  of  uraniiim  present  were  over¬ 
looked  in  analyses  until  with  the  development  of  the  study  of  radioactivity 
their  probable  presence  was  inferred. 

Historical. — (i.)  Early  History. — In  1794  the  Finnish  chemist  Gadolin 
isolated  a  new  earth  or  oxide  from  a  black  mineral  (gadolinite)  found  at 


1  See  Brogger,  Vid.-Selsk.  Skrifter,  Christiania,  Math.-Naturv.  Rl.,  1906,  No.  6,  1  ; 
Abstr.  Chem.  Soe.,  1907,  92,  ii.,  885  ;  Lange,  Zeitsch.  Naturwiss.  Halle,  1910,  82;  Abstr. 
Chem.  Soc.,  1911,  lOO,  ii.,  499. 

^  T.  Vogt,  Centr,  Min.,  1911,  p.  373  ;  Jahrb.  Min.,  1914,  II.,  9. 

3  Hauser,  Ber.,  1907,  40,  3118  ;  Zeitsch.  anorg.  Chem.,  1908,  60,  230. 

^  Mallet,  Amer.  J.  Sci.,  1877,  [iii.],  14,  397. 

®  An  interesting  and  fairly  complete  account  of  the  properties  of  these  minerals  will  be 
found  in  Levy,  The  Rare  Earths  (Arnold,  1916). 

®  B.  B.  Boltwood,  Amer,  J.  Sci.,  1904,  [iv.],  18,  97 ;  1905,  [iv.],  20,  253  ;  1906,  [iv.], 
21,  415  ;  1908,  [iv.],  25,  269  ;  Bhil.  Mag.,  1905,  [vi.],  9,  599. 

Strutt,  Proc.  Boy.  Soc.,  1904,  73>  >  1905,  A,  76,  88,  312  ;  1907,  A,  80,  56  ;  1908, 

A,  80,  572. 

®  On  the  occurrence  of  helium  in  minerals  see  Vol.  i.,  pt.  ii. 
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Ytterby,  near  Stockholm.^  This  discovery  was  confirmed  in  1797  by 
Ekeberg,2  who  showed  that  Gadolin’s  “  earth  ”  was  a  mixture  of  the  then 
recently  discovered  glucina  and  a  new  earth  to  which  he  gave  the  name  of 
yttria.  Erom  this  “yttria”  Berzelius  and  Gahn  extracted  a  little  ceria  in 
1816.3 

In  1804  another  Swedish  mineral,  known  as  the  “heavy  stone  from 
Bastnas,”  was  examined  by  Berzelius  and  Hisinger  in  Sweden,  and  by 
Klaproth  in  Germany.  It  was  found  to  contain  a  new  earth,  which  Klaproth  ^ 
called  ochroite,  because  it  turned  dark  yellow  when  heated.  The  Swedish 
chemists  called  it  ceria,  i.e.  oxide  of  cerium,  and  named  the  mineral  cerite.^ 

In  1839  Mosander  showed  that  “ceria”  was  complex,  for  when  cerous 
hydroxide  was  suspended  in  potash  and  treated  with  excess  of  chlorine,  part 
of  it  went  into  solution  and  the  remainder  was  converted  into  a  citron-yellow 
higher  hydroxide.  Retaining  the  name  ceria  for  the  earth  corresponding  to 
the  yellow  hydroxide,  he  named  the  earth  that  had  passed  into  solution 
lanthana  or  oxide  of  lanthanum.®  Subsequently  he  found  that  an 
approximate  separation  of  lanthana  from  ceria  could  be  made  by  extracting 
crude  “  ceria  ”  with  1  per  cent,  nitric  acid,  the  lanthana  passing  into 
solution.  For  various  reasons,  Mosander  considered  that  lanthana  was  \vhite, 
the  brown  colour  of  his  preparations  being  due  to  foreign  matter,  and  early  in 
1840  he  obtained  proof  of  this  hypothesis,  and  succeeded  in  showing  that  a 
third  earth  existed  in  crude  “ceria.”  This  earth,  which  he  found  to  be 
responsible  for  the  brown  colour  of  his  ceria  and  lanthana  and  for  the  pale 
amethyst  colour  of  his  cerous  and  lanthanum  salts,  he  named  didymia  or 
oxide  of  didymium.’^  Mosander  found  that  the  fractional  crystallisation  of 
the  sulphates  was  the  best  method  for  separating  lanthana  and  didymia. 

The  complex  nature  of  “yttria”  was  suspected  by  Scheerer  in  1842,®  and 
proved  by  Mosander  in  1843.®  By  the  fractional  precipitation  of  “yttrium  ” 
salts  with  ammonia,  and  with  acid  potassium  oxalate,  he  resolved  “yttria” 
into  three  oxides.  The  most  basic  oxide,  which  was  present  in  largest 
amount,  he  called  yttria  or  oxide  of  yttrium ;  of  the  other  two,  one,  which 
was  pink,  he  named  terbia  or  oxide  of  terbium,  while  the  other,  which 
formed  a  brown  peroxide,  he  named  erbia  or  oxide'  of  erbium.  Their 
basicity  decreased  in  the  order  yttria,  erbia,  terbia. 

Mosander’s  cerium,  lanthanum,  and  yttrium  are  to-day  classed  among  the 
chemical  elements.  It  is  now  known,  however,  that  his  “didymium,” 
“erbium,”  and  “terbium”  were  complex;  in  particular,  that  his  peroxide¬ 
forming  element  “  erbium  ”  contained  only  a  trace  of  an  element  capable  of 


1  Gadolin,  X  Svenska  Vei.-Akad.  Handl.,  1794,  p.  137  ;  CrelVs  AnnaUn,  1796,  i.  313. 

3  Ekeberg,  GrelVs  AnnaUn,  1799,  ii.,  63  ;  K.  Svenska  Vet.-Akad.  Handl.,  1802,  p.  68. 

®  Berzelius  and  Gahn,  Schweigger's  J.,  1816,  i6,  260,  404. 

*  Klaproth,  Sitzungsher.  K.  Akad.  Berlin,  1804,  p.  165. 

®  Berzelius  and  Hisinger,  Oehlen's  allg.  J.  Chem.,  1804,  2,  303,  397  ;  Ann.  Ohim.  Phys., 
1804,  50,  246  ;  see  also  Vauquelin,  ibid,,  1804,  50,  140. 

®  The  discovery  was  announced  by  Berzelius.  See  Compt.  rend.,  1839,  8,  356  ;  Pogg. 
Annalen,  1839,  46,  648  ;  47,  207  ;  AnnaUn,  1839,  32,  235  ;  Phil.  Mag.,  1839,  [iii.],  14,  390. 

See  AnnaUn,  1842,  44,  126  ;  Pogg.  AnnaUn,  1842,  56,  503.  For  Mosander’s  own 
account  of  his  work  see  Mosander,  Phil.  Mag.,  1843,  [iii.],  23,  241  ;  Ann.  Chim.  Phys., 
1844,  [iii.],  II,  464  ;  Pogg.  Annalen,  1843,  60,  297  ;  AnnaUn,  1843,  48,  210.  For  the 
early  methods  employed  in  the  separation  of  the  salts  of  cerium,  lanthanum,  and  didymium, 
see  Mosander,  loc.  cit. ;  Marignac,  Ann.  Chim.  Phys.,  1849,  [iii.],  27,  209  ;  Watts,  Quart. 
J.  Chem.  Soc.,  1860,  2,  140. 

®  Scheerer,  Pogg.  Annalen,  1842,  56,  479. 

®  Mosander,  loc.  cit. 
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forming  a  peroxide  by  the  ignition  of  its  hydroxide,  nitrate,  or  oxalate. 
Moreover,  his  yttria  was  by  no  means  pure. 

In  1857,  shortly  after  the  invention  of  the  spectroscope,  Gladstone 
observed  the  absorption  spectrum  of  “didymium,”^  and  in  1862  Bahr 
discovered  the  absorption  spectrum  of  “  terbium.”  ^  The  application  of 
the  spectroscope  to  the  investigation  of  the  rare  earths  was  extended  by 
Delafontaine  and  others.  Meanwhile,  doubt  was  cast  on  the  existence  of 
Mosander’s  “erbium.”  In  1860  Berlin  introduced  his  classic  method  for 
the  fractionation  of  the  gadolinite  earths,  namely,  the  partial  decomposition 
of  the  nitrates  by  heat.^  He  failed  to  obtain  the  peroxide-forming  earth, 
and  unfortunately  gave  the  name  of  “  erbia  ”  to  Mosander’s  pink  earth 
“  terbia.”  This  incorrect  designation  has  been  adopted  by  all  subsequent 
workers. 

The  results  obtained  by  Berlin  were  confirmed  by  Bahr  and  Bunsen  in 
1866,  and  by  Cleve  and  Hoglund  in  1872.  According  to  these  chemists, 
Mosander’s  “peroxide  of  erbium”  was  really  a  trace  of  peroxide  of  “didy- 
mium.”^  The  existence  of  Mosander’s  “erbium,”  however,  was  vigorously 
upheld  by  Delafontaine.® 

In  1873  the  rare  earth  mineral  samarshite  w'as  found  in  considerable 
quantity  in  a  mica  mine  situated  in  Mitchell  County,  North  Carolina.  In 
1877  comparatively  large  amounts  of  this  mineral  became  available,®  and 
the  chemistry  of  the  rare  earths  entered  upon  a  new  phase.  Almost  the 
first  result  of  the  study  of  the  samarskite  earths  was  the  definite  establish¬ 
ment,  by  Delafontaine,'^  of  the  existence  of  Mosander’s  “  erbia,”  which  he 
was  obliged  to  rename  “terbia”  as  the  name  “erbia”  was  by  that  time  in 
common  use  for  Mosander’s  “terbia.”  Almost  simultaneously,  Marignac 
showed  conclusively  the  occurrence  of  Mosander’s  “erbia”  in  the  gadolinite 
earths.®  The  existence  of  the  present-day  terbia  was  thus  placed  beyond 
question ;  its  isolation  in  a  state  of  purity,  however,  was  not  accomplished 
until  nearly  thirty  years  later.® 

Whilst  engaged  in  the  analysis  of  samarskite,  Lawrence  Smith  observed 
indications  of  the  existence  of  a  new  rare  earth,  and  early  in  1878  he 
announced  the  discovery  of  mosandrum,  a  new  rare  earth  element 
resembling  the  elements  of  the  cerite  earths  The  discovery  was  adversely 
criticised  by  Delafontaine  and  Marignac,  who  regarded  “mosandrum”  as 
identical  with  their  “terbium,”^®  and  at  no  time  was  the  existence  of 
“  mosandrum  ”  generally  admitted.  Eight  years  after  the  announcement  of 


1  Gladstone,  Quart.  J.  Chem.  Soc.,  1858,  lO,  219  ;  1869,  li,  36. 

^  This  fact  is  referred  to  in  numerous  early  papers.  Apparently,  no  description  of  the 
spectrum  was  published  by  Bahr  until  1866  (Bahr  and  Bunsen,  Annalen,  1866,  137,  1). 

®  Berlin,  Fdrhandl.  Skand.  Nat.  Kjoh.,  1860,  p.  448. 

4  Bahr  and  Bunsen,  Annalen,  1866,  137,  1  ;  Cleve  and  Hoglund,  Bull.  Soc.  cMm.,  1872, 
[ii.],  18,  193,  289. 

®  Delafontaine,  Arch.  Sci.  phys.  nat.,  1864,  21,  97  ;  1865,  22,  80  ;  1866,  25,  106  ;  1874, 
51,  48. 

®  See  Lawrence  Smith,  Amer.  J.  Sci.,  1877,  [in.],  i3j  ^59, 

Delafontaine,  Arch.  Sci.  phys.  nat.,  1877,  59j  176  ;  1878,  61,  273  ;  Ann.  Chim.  Phys., 
1878,  [v.],  14,  238. 

®  Marignac,  Arch.  Sci. phys.  nat.,  1878,  61,  283  ;  Ann.  CMm.  Phys.,  1878,  [v.],  14,  247. 

®  TJrbain,  Oompt.  rend.,  1905,  141,  621. 

L.  Smith,  Amer.  J.  Sci.,  1877,  [iii.],  13,  369. 

L.  Smith,  Oompt.  rend.,  1878,  87,  116,  148,  831  ;  1879,  89,  480  ;  Amer.  Ghem.  J., 
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its  discovery,  Lecoqde  Boisbaudran^  showed  the  complexity  of  “  mosandrum,” 
and  from  his  results  it  can  now  be  stated  that  in  addition  to  terbium  there 
were  present  didymium  (a  trace),  samarium,  dysprosium,  and  probably 
gadolinium  in  the  so-called  element. 

Shortly  after  the  announcement  of  the  discovery  of  “mosandrum,” 
Delafontaine  claimed  to  have  isolated  a  new  earth  of  the  yttrium  group, 
which  he  named  oxide  of  phillipium.^  The  history  of  this  so-called  element 
may  be  conveniently  given  at  this  point,  as  subsequent  work  has  shown 
“  phillipium  ”  to  have  been  nothing  but  a  complicated  mixture.  The  salts  of 
“phillipium”  were  said  to  be  characterised  by  an  absorption  band  A4490,  an 
unfortunate  method  of  describing  the  element,  since  erbium  salts  have  an 
absorption  band  in  the  same  position.  Soret,  who  pointed  this  out,  was 
inclined  to  regard  “  phillipium  ”  as  identical  with  an  element  X  which  he 
had  characterised  just  previously  by  a  particular  absorption  spectrum.^ 
Delafontaine  at  first  admitted  the  possibility  that  “  phillipium  ”  was  complex, 
though  he  thought  it  unlikely,  but,  almost  immediately  afterwards,  he  con¬ 
cluded  that  “  phillipium  ”  had  no  absorption  spectrum,  attributing  the  band 
X4490  and  others  he  had  observed  to  the  presence  of  a  little  of  Soret’s  X  as 
an  impurity.^  In  1882,  however,  Koscoe  showed  that  “phillipium”  was  only 
a  mixture  of  yttrium  and  the  “terbium”  of  that  period;  and  his  conclusions 
were  supported  by  Crookes.®  The  later  work  of  Urbain®  has  confirmed  the 
view  that  “  phillipium  ”  was  only  a  mixture,  though  Delafontaine  asserted  its 
elementary  character  as  late  as  1897.'^ 

From  this  point  in  the  history  it  is  perhaps  clearer  to  deal  separately  with 
the  cerite  and  gadolinite  earths. 

(ii.)  The  Cerium  Group. — ^About  the  same  time  that  he  announced 
the  discovery  of  “  phillipium,”  Delafontaine  ®  stated  that  in  examining 
“didymia”  extracted  from  samarskite,  he  had  isolated  a  new  earth,  oxide  of 
decipium,  characterised  by  two  bands  in  its  absorption  spectrum  at  X4160 
and  A.4780.  The  year  following,  Lecoq  de  Boisbaudran  isolated  a  new  earth 
from  samarskite  “didymia,”  and  called  it  samaria  or  oxide  of  samarium.® 
The  band  X4160  was  also  present  in  the  spectrum  of  this  element,  and 
samarium  would  therefore  appear  to  be  more  properly  called  decipium  but 
for  the  fact  that,  a  year  or  two  later,  Delafontaine  declared  his  “  decipia  ” 
to  be  a  mixture  of  two  earths,  one  being  samaria  and  the  other  an  earth  the 
salts  of  which  gave  no  absorption  spectra.  He  reserved  the  name  oxide  of 
decipium  for  this  second  earth.  It  is  almost  certain  that  this  is  to  be 
identified  with  the  earth  Ya  discovered  in  the  meantime  by  Marignac. 
Delafontaine’s  designation  for  the  earth  must  therefore  give  way  to  Marignac’s, 
and  so  the  name  “  decipium  ”  disappears  from  the  list  of  rare  earth  metals. 


1  Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  I02,  647. 

^  Delafontaine,  Arch.  Sci.  phys.  nat.,  1878,  6i,  273  ;  Compt.  rend.,  1878,  87,  559. 

®  Soret’s  element  X  is  discussed  later  (p.  225). 

*  Soret,  Compt.  rend.,  1879,  89,  521 ;  Delafontaine,  ihid.,  1880,  90,  221  ;  Arch.  Sci. 
phys.  nat.,  1880,  [iii.],  3,  246  ;  cf.  Cleve,  Compt.  rend.,  1879,  89,  708. 

®  Koscoe,  Trans.  Chem.  Soc.,  1882,  41,  277  ;  Crookes,  Fhil.  Trans.,  1882,  174,  910. 

®  Urbain,  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  184. 
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®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1879,  88,  322;  89,  212;  cf.  Delafontaine,  loc. 
cit.,  and  Compt.  rend.,  1878,  87,  634  ;  Soret,  ibid.,  1879,  88,  422. 
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The  discovery  of  samarium  was  confirmed  by  a  number  of  chemists,  and 
in  1883  Cleve  prepared  numerous  samarium  salts  and  determined  the  atomic 
weight  of  samarium.^ 

In  1886  Auer  von  Welsbach  made  the  remarkable  discovery  that 
“didymium,”  even  when  freed  from  “samarium,”  was  complex,  being  a 
mixture  of  two  elements  which'  he  named  praseodymium  and  neodymium.^ 
The  salts  of  these  two  elements  were  found  to  differ  strikingly  in  colour,  being 
green  and  rose-red  respectively. 

In  1892  Lecoq  de  Boisbaudran  discovered  that  Cleve’s  “samaria”  was 
complex,^  and  that  when  fractionated  with  ammonia,  the  least  basic  fractions 
differed  from  the  others  in  two  ways :  (i.)  their  spark  spectra  contained  three 
new  lines  in  the  blue,  A4693  being  the  most  conspicuous,  and  (ii.)  a  new 
band  A6 110-6220  appeared  in  their  “spectres  de  renversement.”  The  new 
spark  lines  he  attributed  to  an  element  which  he  provisionally  called  Ze,  and 
the  band  he  similarly  attributed  to  an  element  Zf,  expressing  no  opinion  as 
to  the  identity  or  otherwise  of  Zj  and  Zf.  In  1893  he  showed  that  Zf  was 
closely  connected  with  an  element  Sj,  the  existence  of  which  had  been 
previously  assumed  by  Crookes  to  account  for  the  “anomalous  band” 
encountered  in  the  cathodic  phosphorescence  spectra  of  the  rare  earths.^ 

The  presence  of  a  small  amount  of  a  new  earth  in  “  samaria  ”  was  further 
proved  by  Demar^ay  in  1896.  Demar9ay  characterised  his  new  earth  by  its 
ultraviolet  spark  spectrum,  which  was  very  sensitive,  and  provisionally  called 
the  new  rare  earth  element  5.®  In  1900  he  showed  that  Z^,  Z^,  and  S  were 
probably  identical,  a  conclusion  he  confirmed  in  1901,  when  he  isolated  the 
oxide  of  2  in  a  nearly  pure  state.  He  then  established  the  fact  that  S  is 
identical  with  Crookes’  S«,  and  called  the  element  europium.® 

(iii.)  The  Terbium  and  Yttrium  Groups. — In  1878  Marignac  fractionated 
the  gadolinite  earths,'*'  and  Soret  examined  the  “erbia”  fractions  spectro¬ 
scopically.®  As  the  result  of  his  observations,  Soret  concluded  that  “  erbia  ” 
was  complex.  Eeserving  the  name  of  erbium  for  that  rare  earth  element  the 
salts  of  which  gave  rise  to  the  most  characteristic  absorption  bands  of  the  old 
erbium  spectrum,  Soret  designated  by  X  a  new  element,  salts  of  which 
exhibit  a  characteristic  absorption  spectrum  of  some  ten  or  more  bands, 
particularly  A6404  and  A5363.  He  also  observed  that  a  band,  A6840, 
which  did  not  form  part  of  the  spectrum  of  X,  did  not  appear  to  belong  to 
the  erbium  spectrum  either. 

Pursuing  the  fractionation  of  “erbia”  by  Berlin’s  method,  Marignac  in 
1878  made  the  surprising  discovery  that  the  least  basic  portion  of  “erbia” 
consisted  of  a  new,  colourless  earth  of  very  high  chemical  equivalent.  This 
new  earth  he  called  oxide  of  ytterbium ;  ®  its  spark  spectrum  was  mapped  by 
Lecoq  de  Boisbaudran. 

Cleve,  Gompt.  rend.,  1883,  97i 

^  Auer  von  Welsbach,  Monatsh.,  1885,  6,  477  ;  cf.  ibid.,  1884,  5>  1,  508.  _As  a  matter 
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In  the  following  year  Nilson/  who  had  prepared  large  quantities  of 
“  erbia,”  repeated  and  confirmed  Marignac’s  work,  but,  in  addition,  he 
isolated  still  another  earth  from  “erbia.”  It  was  colourless  and  less  basic 
than  ytterbia,  and  received  the  name  of  scandia  or  oxide  of  scandium.^ 
The  same  year  Cleve  ®  fractionated  “  erbia  ”  freed  from  scandia  and  “ytterbia,” 
using  Berlin’s  method,  and  from  the  results  of  Thalen’s  spectroscopic  study 
of  the  fractions,  concluded  that  “  erbia  ’’  was  composed  of  three  earths, 
which  he  called  the  oxides  of  holmium,  erbium,  and  thulium  in  descend¬ 
ing  order  of  basicity.  Each  earth  was  characterised  by  the  absorption 
spectrum  of  its  salts,  and  Soret  and  Cleve  quickly  noted  that  holmium  and 
Soret’s  X  were  identical,  and  that  thulium  was  responsible  for  the  somewhat 
anomalous  band  X6840  in  the  spectrum  of  old  “  erbium.”  ^ 

The  elementary  nature  of  “holmium”  was  disproved  in  1886  by  Lecoq 
de  Boisbaudran,  who  showed  that  its  absorption  spectrum  characterised  not 
one,  but  two  elements.  Reserving  the  name  of  holmium  for  the  element 
giving  rise  to  the  characteristic  bands  A6404  and  A5363  of  Soret’s  X,  he 
called  the  other  element,  which  was  defined  by  the  absorption  bands  A7530 
and  A4515,  dysprosium.® 

It  has  been  already  mentioned  (p.  223)  that  Marignac  confirmed  the 
presence  of  “terbia”  in  the  yttrium  earths  from  gadolinite.  “Terbia”  is 
more  abundant  in  samarskite  than  in  gadolinite,  and  in  1880  Marignac 
fractionated  the  samarskite  earths  by  means  of  the  double  potassium  sulphates. 
He  found  ®  that  “  terbia  ”  in  samarskite  is  accompanied  by  two  new  earths, 
which  in  properties  approached  the  cerite  rather  than  the  gadolinite  earths. 
The  two  new  elements  he  provisionally  named  Ya  and  Y^.  It  was  considered 
highly  probable  by  Marignac  himself  that  was  identical  with,  Lecoq  de 
Boisbaudran’s  samarium,  discovered  in  the  preceding  year,  and  this  opinion 
was  confirmed  by  Soret.’^  The  fact  that  was  a  new  element  was  confirmed 
by  Lecoq  de  Boisbaudran,  and  in  1886  Marignac  named  it  gadolinium.® 
Subsequently,  Lecoq  de  Boisbaudran  found  that  Marignac’s  “  gadolinia  ”  con¬ 
tained  about  10  per  cent,  of  impurities,  purified  the  material,  and  determined 
the  atomic  weight  and  spark  spectrum  of  gadolinium.® 

By  the  year  1886,  then,  Mosander’s  yttrium,  erbium,  and  terbium  had' 
given  place  to  the  following  list  of  elements : — Yttrium,  gadolinium,  terbium, 
dysprosium,  holmium,  erbium,  thulium,  ytterbium,  and  scandium.  In 
addition  to  these  elements,  three  other  provisional  elements,  Za.,  Z/s,  and 
Zy,  had  been  announced  by  Lecoq  de  Boisbaudran  as  being  present  in 
“terbia,”!®  nature  of  “mosandrum,”  “decipium,”  and  “phillipium” 

was  still  in  doubt.  Moreover,  in  1886,  Crookes  propounded  his  celebrated 
theory  of  meta-elements  as  an  interpretation  of  the  results  of  several  years 


1  Nilson,  Compt.  rend.,  1879,  88,  64.5  ;  Ber.,  1879,  I2,  551. 

®  See  Chapter  IX. 

®  Cleve,  Compt,  rend.,  1879,  89,  478  ;  Chem.  News,  1879,  40,  125. 

“*  Soret,  Compt.  rend.,  1879,  89,  521  ;  Cleve,  ibid.,  1879,  89,  708  ;  Lecoq  de  Boisbaudran, 
tWd,  1879,  89,  516. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  102,  1003,  1005. 

®  Marignac,  Arch.  Sci.  phijs.  nat.,  1880,  [iii.],  3,  413;  Compt.  rend.,  1880,  90,  899; 
Ann.  Chim.  Phys.,  1880,  [v.],  20,  535. 

’’  Soret,  Compt.  rend.,  1880,  91,  378  ;  Arch.  Sci.  phys.  nat.,  1880,  [iii.],  4,  261. 

®  Announced  by  Lecoq  de  Boisbaudran  to  the  French  Academ}' ;  Compt.  rend.,  1886,  102 

02. 

"  Lecoq  de  Boisbaudran,  ibid.,  1889,  108,  165  ;  1890,  ill,  393,  409,  472. 

!“  See  p.  227. 
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of  research  on  the  cathodic  phosphorescence  spectra  of  the  rare  earths.^  At 
that  time,  therefore,  the  chemistry  of  the  rare  earth  elements  appeared  to  be 
of  the  most  amazing  complexity,  and  the  confusion  was  increased  when  in 
1887  Kriiss  and  Nilson  put  forward  a  “one  band — one  element”  theory  of  the 
absorption  spectra  of  the  rare  earths.^ 

At  the  present  time  the  chemistry  of  the  rare  earths  is  in  a  much  more 
satisfactory  state.  The  theories  of  Crookes  and  of  Kriiss  and  Nilson  have 
been  abandoned,  and  quite  a  number  of  rare  earths  which  in  1886  were  only 
recognised  as  distinct  bodies  from  spectroscopic  observations  have  now  been 
isolated  in  a  state  of  purity.  Thus,  pure  gadolinia  and  terbia  were  isolated 
in  1905  by  Urbain,®  and  the  isolation  of  pure  dysprosia  was  effected  by  the 
same  chemist  in  1906.^  Practically  pure  holmia  was  isolated  in  1911  by 
Holmberg,®  and  thulia  by  James  in  the  same  year.®  Pure  erbia,  however,  has 
not  yet  been  prepared,  though  nearly  pure  preparations  have  been  obtained 
by  Urbain,  James,  and  K.  A.  Hofmann;  lastly,  “ytterbia”  has  proved  to  be 
complex. 

The  complexity  of  “ytterbia”  was  discovered  independently  by  Auer  von 
Welsbach  and  Urbain.  The  former  chemist  announced  his  discovery  in  1905, 
and  termed  the  component  elements  of  “  ytterbium  ”  aldebaranium  and 
cassiopeium.  The  latter,  who  in  1907  published  preliminary  measure¬ 
ments  of  atomic  weights  and  spectra,  named  the  component  elements 
neoytterbium  and  lutecium.'^  The  International  Committee  on  Atomic 
Weights  has  adopted  the  names  ytterbium  and  lutecium  respectively. 

In  1911  Urbain®  announced  that  the  lutecium  obtained  from  gadolinite  is 
accompanied  by  a  small  amount  of  still  another  rare  earth  element,  which  he 
named  celtium. 

The  previously  mentioned  elements  Z^,  7i^,  and  Zy  were  discovered 
spectroscopically  by  Lecoq  de  Boisbaudran.  Za  was  characterised  by  the  bands 
A5730  and  A4765,  and  ZjS  by  the  bands  A6205,  A5858,  A5432,  and  A4870  in  its 
“  spectre  de  renversement  ” ;  ®  Zy  was  defined  by  the  lines  A5835,  A5750,  A5700, 
A5269,  and  A5259  in  its  spark  spectrum.^®  In  1886  Lecoq  de  Boisbaudran 
also  concluded  that  a  fourth  unknown  elem’ent,  Z«,  was  present  in  “terbia” 
and  characterised  it  by  the  absorption  band  A4880,  but  this  deduction  was 
not  published  until  1895. 

In  1900  Demarcjayi^  announced  four  more  “spectroscopic”  elements. 


1  See  later,  p.  29.’j. 

2  See  later,  p.  287. 

®  Urbain,  Compt.  rend,,  1905,  140,  583  (Gd) ;  1905,  141  521  (Tb). 

'  Urbain,  ibid.,  1906,  142,  785. 

®  Holmberg,  Arkiv  Kem.  Min,  Geol.,  1911,  4,  Nos.  2  and  10. 

®  Janies,  J.  Amer,  Chem.  Soc.,  1911,  33,  1332. 

’  Auer  von  Welsbach,  Anzeiger  K.  Akad.  Wiss.  Wien,  1905,  No.  10 ;  Annalen,  1907, 
351,  464;  Monatsh,,  1906,  27,  935  ;  1908,  29,  181;  Sitzungsher.  K,  Akad.  Wiss,  Wien, 
1906,  115,  II.  B,  737  ;  1907,  116,  IT.  B,  1425  ;  Urbain,  Oompt.  rend.,  1907,  145,  759. 
See  also  Urbain,  Ghem.  ZeiL,  1908,  32,  730  ;  Zeitsch.  anorg.  Chem,,  1910,  68,  232  ;  Auer 
von  Welsbach,  Sitzungsher,  K,  Akad,  Wiss,  Wien,  1909,  118,  II.  B,  507  ;  Monatsh., 
1909,  30,  695  ;  Wenzel,  Zeitsch.  anorg,  Chem,,  1909,  64,  119. 

**  Urbain,  Compt,  rend,,  1911,  152,  141. 

®  Lecoq  de  Boisbaudran,  Compt,  rend,,  1885,  100,  1437  ;  lOl,  552,  588  ;  1886,  102,  395, 
483,  899,  1536  ;  103,  113,  627;  1887,  105,  258,  301,  343,  784;  1890,  no,  24,  67;  in, 
474  ;  1893,  116,  611. 

“  Lecoq  de  Boisbaudran,  Compt.  rend,,  1886,  102,  153. 

I-ecoq  de  Boisbaudran,  Compt.  rend.,  1895,  I2I,  709. 

Demarjay,  Compt.  rend.,  1900,  131,  387. 
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r,  A,  O,  and  0,  each  being  characterised  by  its  ultraviolet  spark  spectrum. 
According  to  Demar9ay,  T  was  possibly  identical  with  true  terbium,  A  was 
probably  Zy,  O  (defined  by  the  lines  3967’9  and  3930'9)  came  between 
holmium  and  erbium  in  his  fractions,  and  ®  (defined  by  the  lines  4008’2  and 
3906'5)  between  erbium  and  ytterbium. 

Of  the  eight  elements,  Z^,  Zp,  Zy,  Zs,  T,  A,  O,  and  ®,  only  two,  namely  O 
and  ©,  still  await  isolation  or  identification  with  other  elements,  for  Urbain 
has  shown  conclusively  that  Zp,  Zs,  and  T  are  identical  with  terbium,^  and 
that  Za,  Zy,  and  A  are  identical  with  dysprosium.  ^ 

(iv.)  Summary. — The  history  of  the  discovery  of  the  elements  of  the  rare 
earths  is  summarised  in  the  accompanying  table  : —  ® 


Date. 

Element. 

Material  in 
which  it  was 
discovered. 

Discoverer. 

Remarks. 

1794 

Yttrium  . 

Gadolinite 

Gadolin 

1804 

Cerium  . 

Oerite 

Berzelius  and  Hisin- 
ger ;  Klaproth 
Mosander 

1839 

Lanthanum 

Ceria 

1842 

Didymium 

it 

)) 

1843 

Terbium  . 

Yttria 

M 

Called  erbium  from 
1860  onwards 

1843 

Erbium  . 

f  i 

n 

Called  terbium  from 
1877  onwards 

1878 

Mosandrum 

Samarskite 

Lawrence  Smith 

A  mixture 

1878 

Phillipium 

Yttria  earths 

Delafontaine 

1878 

Decipium . 

Samarskite 

1878 

Ytterbium 

Erbia 

Marignac 

1878 

X  .  .  '  . 

So  ret 

Cleve’s  holmium 

1879 

Scandium 

Y  tterbia 

Nilson 

1879 

Samarium 

Didymia 

Lecoq  de  Boisbaudran 

1879 

Thulium  . 

Eibia 

Cleve 

Isolated  in  1911 

1879 

Holmium  . 

1880 

Ya  . 

Samarskite 

Marignac 

Named  gadolinium  in 
1886 

1885 

Neodymium 

Didymia 

Auer  von  Welsbach 

1885 

Praseodymium . 

1885 

Za  .  .  . 

Terbia  earths 

Lecoq  de  Boisbaudran 

Dysprosium 

1886 

Zp  .  .  . 

ii 

Terbium 

1886 

Zy  ,  .  . 

)  i 

>) 

Dysprosium 

1886 

ZS  .  .  . 

Terbium 

1886 

Dysprosium 

Holmia 

Isolated  in  1906 

1886 

Meta-elements  . 

.  > 

Crookes 

See  p.  295 

1887 

>» 

.  . 

Kriiss  and  Nilson 

See  p.  287 

1892 

Ze  .  .  . 

Samaria 

Lecoq  de  Boisbaudran 

Europium 

1892 

Zf  .  .  . 

1894 

Demonium 

Yttria  earths 

Rowland 

Dysprosium.  See  p. 
430 

1896 

2  . 

Demar9ay 

Europium.  Isolated 
in  1900 

1896 

Lucium  . 

Yttria  from 
monazite 

Barricre 

A  mixture.  See  p.  363 

1896 

Kosmium . 

Kosmann 

>>  II 

‘  Urbain,  Gom'pt.  rend.,  1905,  141,  521;  J.  Chim.  phijs.,  1906,  4,334  ;  Lecoq  de 
Boisbaudran,  Compt.  rend.,  1904,  139,  1015. 

2  Urbain,  Compt.  rend.,  1906,  142,  785  ;  J.  Chi  .  phys.,  1906,  4,  356. 

®  See  Baskerville,  Chem.  News,  1904,  89,  150. 
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Date. 

Element. 

Material  in 
which  it  was 
discovered. 

Discoverer. 

Remarks. 

1896 

Neokosmium  . 

Kosmann 

A  mixture.  See  p.  363 

1897 

(ilaukodymium 

Didymia 

Chroustschoff' 

Nature  unknown 

1899 

Victorium 

Yttria  earths 

Crookes 

Disproved  by  Urbain. 

(monium) 

See  ]).  301 

1900 

r  .  ,  . 

Terbia  earths 

Demaiyay 

Terbium 

A  .  ,  . 

)  J 

J  ) 

Dysprosium 

... 

n  .  .  , 

0 

Yttria  earths 

?  > 

Unknown 

1%5 

Incognitum 

J  J 

>  } 

Crookes 

Terbium.  See  p.  303 

1905 

Ionium  . 

,,  See  p.  303 

1905- 

Neoytterbium 

Ytterbia 

Auer  von  Welsbach  ; 

1907 

(aldebaranium) 

Urbain 

1905- 

Lutecium 

1907 

(cassiopeium) 

1911 

Celtium  . 

Lutecia 

Urbain 

THE  RAEE  EAETH  METALS. 

Preparation. —  Few  of  the  rare  earth  metals  have  been  isolated  in  a 
state  of  purity.  The  following  methods  have  been  used  ; — 

(i.)  Reduction  of  the  anhydrous  chloride  by  heating  it  with  sodium  or 
potassium.^  Most  experimenters  have  found  it  very  difficult  to  obtain  even 
a  moderate  yield  of  metal  by  this  process.  The  metal  is  very  liable  to  be 
produced  in  a  large  number  of  fine  globules,  difficult  to  remove  from  the 
alkali  chloride  produced  j  further,  the  metal  is  liable  to  contain  sodiunj  or 
potassium. 

(ii.)  Reduction  of  the  anhydrous  Jluoidde  by  heating  it  with  calcium  or 
aluminium.  This  method  does  not  appear  to  have  furnished  the  pure  metals, 
but  cerium-calcium  and  cerium-aluminium  alloys  have  been  thus  obtained.® 
(iii.)  Reduction  of  the  oxide  by  heating  it  with  magnesium,^  aluminium,® 
calcium,  carbon,  or  silicon.®  Pure  rare  earth  metals  have  not  been  obtained 
by  any  of  these  means.  When  magnesium,  aluminium,  or  calcium  is  em¬ 
ployed,  alloys  are  usually  obtained,  while  with  aluminium  there  is  evidence 
of  the  production  of  suboxides  of  the  rare  earth  elements.  When  reductions 


^  Chroustschoff,  J.  Russ.  Rhys.  Chem.  Soc.,  1897,  29,  206. 

®  Mosander,  Pogg.  Annalen,  1826,  11,  406  ;  1839,  46,  648  ;  47,  207  ;  1843,  56,  504  ; 
Annalen,  1839,  32,  235;  1843,  48,  210;  Phil.  Mag.,  1843,  23,  241  (Ce,  La,  “Di”); 
Beringer,  Annalen,  1842,  42,  134  (Ce)  ;  Berzelius,  Lehrhuch  (1826,  vol.  2),  p.  416  ;  Wohler, 
Pogg.  Annalen,  1828,  13,  580  (Y)  ;  Annalen,  1867,  144,  251  (Ce) ;  Popp,  Annalen,  1864, 
131,  179  (Y)  ;  Marignac,  A^in.  Chim.  Phys.,  1853,  [iii.],  38,  148  (“Di”);  Cleve  and 
Hoglund,  Bull.  Soc.  chim.,  1873,  [ii.],  18,  193  (Y) ;  Cleve,  ibid.,  1874,  [ii.],  21,  344  (Y); 
Matignon,  Ann.  Chim.  Phys.,  1906,  fviii.],  8,  282  (Nd) ;  Hunter,  Eighth  Inter.  Gong.  Appl. 
CAm.,  1912,  2,  125(Nd). 

3  Moldenhauer,  Chem.  Zeit.,  1914,  38,  147. 

^  Winkler,  Ber.,  1890,  23,  772;  1891,  24,  873  (La,  Y,  Ce)  ;  Matignon,  Compt.  tend., 
1900,  131,  837. 

®  Matignon,  loc.  cit.  ;  Schiffer,  Inaugural  Dissertation  (Miinchen,  Tech.  Hochsclnile) ; 
Moldenhauer,  loc.  cit.  ;  Hirsch,  J.  Ind.  Eng.  Chem,,  1911,  3,  880;  1912,  4,  65;  Trans. 
Amer.  Electrochem.  Soc.,  1911,  20,  57. 

®  Hirsch,  loc.  cit. 
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with  carbon  or  silicon  are  carried  out,  the  products  are  carbides  and  silicides 
of  the  rare  earth  elements. 

(iv.)  Electrolysis  of  the  molten,  anhydrous  chlorides,  with  or  without  the 
addition  of  the  chlorides  of  sodium,  potassium,  calcium,  or  barium. ^  The 
chloride  may  be  melted  in  an  iron  crucible  and  electrolysed,  using  carbon 
electrodes.  In  carrying  out  the  process,  by  means  of  which  considerable 
quantities  of  the  rare  earth  metals  of  the  cerium  group  have  been  obtained, 
numerous  practical  difficulties  arise,  so  that  it  is  not  possible  usefully  to 
abstract  the  description  of  the  experimental  procedure.  The  reader  is  there¬ 
fore  referred  to  the  original  memoirs  of  Hirsch  and  of  Muthmann  and  his 
CO  workers.^ 

(v.)  Electrolysis  of  the  molten  fluoride,  or  better,  a  solution  of  the  oxide 
in  the  fluoride.®  According  to  Muthmann  and  Scheidmandel,  this  process  is 
superior  to  the  previous  method,  but  Hirsch  holds  the  opposite  view. 

The  rare  earth  metals  obtained  by  electrolysis  may  be  purified  by  melting 
them  under  a  layer  of  barium  chloride  in  a  magnesia  crucible. 

Properties.^ — The  rare  earth  elements  are  lustrous  metals.  Lanthanum 
has  the  whiteness  of  tin,  cerium  that  of  iron  ;  neodymium  has  a  yellow  tinge, 
and  praseodymium  is  decidedly  yellow ;  samarium  is  pale  grey  in  colour. 
With  the  exception  of  lanthanum,  they  retain  their  lustre  in  dry  air.  When 
compared  with  lead,  tin,  and  zinc,  the  order  of  increasing  hardness  is  as 
follows :  Pb,  Sn,  Ce,  La,  Zn,  Nd,  Pr,  Sm.  Cerium  can  easily  be  cut  with  a 
knife ;  samarium  is  as  hard  as  steel.  The  densities  and  melting-points  are 
given  by  Muthmann  and  Weiss  as  follows  : — 

La.  Ce.  Pr.  Nd.  Sm. 

Melting-point,  °C.  810°  623°  940°  840° 

Density  at  20°  C.  6-155  7-042  6*475  6-956  7-7-7-8 

Hirsch  gives  the  values  635°  and  6-92  (at  25°)  for  cerium. 

The  rare  earth  metals  burn  in  air  or  oxygen  very  readily,  with  the 
evolution  of  much  heat  and  light  (p.  257).  Cerium,  for  example,  begins  to 
burn  at  160°  in  air.  They  also  combine  with  hydrogen,  nitrogen,  chlorine, 
and  bromine  when  heated  in  those  gases,  and  react  with  iodine,  sulphur, 
phosphorus,  etc.  They  are,  in  fact,  highly  reactive  elements.  In  dilute 
mineral  acids  they  readily  dissolve,  and,  except  with  nitric  acid,  hydrogen  is 
evolved.  They  are  also  attacked  by  water,  very  slowly  at  ordinary  tempera¬ 
tures,  but  more  rapidly  at  100°. 

Numerous  cerium  alloys  and  a  few  alloys  of  the  other  rare  earth  metals 
have  been  prepared ;  one  of  these  may  be  mentioned  here,  viz.  the  alloy 
known  as  mischmetall.  Owing  to  the  large  amount  of  heat  evolved  when 
any  of  the  rare  earth  metals  is  burnt  in  air,  these  metals  form  excellent 


1  Erk,  Zeitsch.  filr  Chein.,  1870,  [ii.],  7,  100;  Jahresber.,  1870,  p.  319  (Ce) ;  Cleve  and 
Hbglund,  Bull.  Soc.  chim.,  1873,  [ii.],  18,  193,  289  (Y) ;  Frey,  Annalen,  1874,  183,  367 
(Ce) ;  and  particularly  the  following:  Hillebrand  and  Norton,  Pogg.  Annalen,  1875,  155 
633  ;  156,  466  (Ce,  La,  “  Di  ”)  ;  Muthmann,  Holer,  and  Weiss,  Annalen,  1902,  320,  231  (Ce 
Nd)  ;  Muthmann  and  Kraft,  Annalen,  1902,  325,  261  (Ce,  La);  Muthmann  and  Weiss’ 
ibid.,  1601,  331,  1  (Ce,  La,  Nd,  Pr,  Sm)  ;  Hirsch,  loc.  cit,  (Ce) ;  Borchers  and  Stockem’ 
D.iJ.P.,  No.  172,529.  ’ 

^  Full  details  w'ill  also  be  found  in  Kellermann,  Die  Oeritmetalle  und  Hire  vyrophoren 
Legierungen  (Knapp,  Halle,  1912). 

®  Muthmann  and  Scheidmandel,  Annalen,  1907,  355,  116  ;  Hirsch,  loc.  cit. 

■*  Hillebrand  and  Norton,  loc.  cit.  ;  Muthniiinn  and  others,  loc.  cit.  \  Hirsch,  loc.  cit. 
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reducing  agents  for  preparing  other  elements  from  their  oxides.  It  is  obvious 
that  a  mixture  of  rare  earth  metals  would  do  equally  well  for  this  purpose ; 
hence  the  preparation  of  mischmetall,  which  consists  essentially  of  cerium, 
lanthanum,  praseodymium,  and  neodymium,  and  is  prepared  from  the 
residual  salts  of  these  metals  left  over  after  the  thorium  and  sufficient 
cerium  and  “didymium”  for  the  gas-mantle  industry  have  been  extracted 
from  monazite  sand.  Mischmetall  reduces  the  oxides  of  numerous  elements, 
e.g.  iron,  cobalt,  nickel,  manganese,  chromium,  molybdenum,"  vanadium, . 
columbium,  tantalum,  silicon,  boron,  tin,  lead,  titanium,  and  zirconium, 
and  has  been  of  considerable  service  in  the  preparation  of  a  number  of  rare 
elements.  1 

VALENCY,  ATOMIC  WEIGHTS,  AND  CLASSIFICATION  OF  THE 
RARE  EARTH  ELEMENTS. 

Theoretical.^  Historical  Resume. — In  1810  the  rare  earths  had  only 
been  separated  into  “ceria”  and  “yttria,”  and  Berzelius,  in  constructing  his 
first  atomic  weight  table,  regarded  yttria  as  YO2,  ceria  as  CeOg,  and  the 
lower  oxide  (cerous  oxide)  as  CeOg.  In  1826  he  first  admitted  the  existence 
of  sesquioxides,  and  in  the  changes  necessitated  in  his  atomic  weights  and 
formulae  the  three  preceding  formulae  were  involved  and  became  YO,  Ce203, 
and  CeO  respectively. 

By  the  year  1842  the  rare  earths  had  been  separated  into  ceria,  lanthana, 
“  didymia,”  yttria,  “  erbia,”  and  “  terbia  ” ;  except  for  the  fact  that  Mosander’s 
“erbia”  was  denied  existence  by  various  chemists,  their  number  remained 
unaltered  until  1878,  and  prior  to  1870  their  formulae  were  all  written  in  the 
form  MO,  ceria  being  excepted.  These  formulae  were  chosen  because  the 
rare  earths  were  strong  bases  like  lime,  strontia,  and  baryta,  and  on  Gmelin’s 
system  of  atomic  weights  (the  one  most  commonly  adopted)  these  substances 
were  written  CaO,  SrO,  BaO.  Ceria,  however,  was  discovered  to  be  CogO^  if 
cerous  oxide  is  CeO,  and  not  Ce20g  as  had  previously  been  supposed  ;  and  for 
some  years  it  was  supposed  that  ceria  was  a  compound  of  two  oxides  CeO  and 
CeOg  (CcgO^  being  2Ce0.Ce02),  the  oxide  Ce02  being  the  one  from  which  ceric 
salts  were  derived.  The  latter  assumption  was  not  difficult  to  make,  for  pure 
ceric  salts  had  not  been  prepared  and  analysed. 

The  evolution  of  the  modern  system  of  atomic  weights  in  1868  did  not 
affect  the  formulae  of  the  compounds  of  the  rare  earth  elements,  for  the 
necessary  experimental  data  were  not  then  available.  The  proposal  to  change 
the  accepted  atomic  weights  and  formula  was  made  in  1870  by  Mendeffieff,® 
who  considered  that  the  following  formulae  should  replace  those  that  were 
then  in  use  : — 

ceria  Ce02 ;  lanthana  LaOg  ;  yttria  YgOg 

cerous  oxide  Ce203 ;  didymia  Di203 ;  erbia  ErgOg. 

Valuable  support  was  soon  forthcoming  for  Mendeffieff’s  views.  In  1872 
Cleve  agreed  that  the  tervalency  of  yttrium  and  erbium  was  very  probable, 
and  pointed  out  the  fact  that  the  formulae  of  their  compounds  were  thus 

1  See  Weiss  and  Aichel,  Annalen,  1904,  337,  370. 

2  Throughout  this  section,  ceric  cotnpounds  are  disregarded,  except  where  the  contrary  is 

expressly  stated.  ' 

3  Mendeleeff,  Annalen  Suppl.,  1872,  8,  133  ;  translation  in  Chem.  News,  18/9,  40,  231, 
etc.  ;  1880,  41,  2,  etc.  ;  see  also  Mendel4eff,  Bull.  Acad.  Sd.  Petrograd,  1870,  p.  445. 
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simplified.  Two  years  later,  lie  definitely  accepted  the  tervalency  of  yttrium, 
erbium,  “didymium,”  and  cerium  (in  the  cerous  salts),  hut  differed  from 
Mendel^eff  in  regarding  lanthanum  also  as  a  triad.^  In  1876  Hillehrand 
showed  that  the  specific  heats  of  lanthanum,  cerium,  and  “didymium”  were 
in  harmony  with  Cleve’s  view,^  and  Rammelsberg,®  who  had  previously 
objected  to  Mendel^efFs  proposals,^  accepted  those  of  Cleve. 

From  that  time  onward  the  tervalency  of  the  rare  earth  elements  has 
been  generally  accepted ;  occasionally,  however,  a  dissentient  voice  has  been 
heard.  Thus,  Cossa  ®  argued  for  the  bivalency,  and  Winkler  ®  for  the  quadri- 
valency  of  these  elements.  Winkler,  however,  abandoned  his  views  after  they 
had  been  criticised  by  Brauner ;  and  it  has  remained  for  only  two  chemists 
— Wyrouboflf,  and  his  frequent  collaborator,  Verneuil — consistently  to  uphold 
the  bivalency  of  the  rare  earth  elements.®  These  two  French  chemists 
decline  to  accept  the  'physical  evidence  of  specific  heats  and  isomorphism,  the 
latter  on  fairly  good  grounds,®  and  utterly  reject  any  considerations  based 
upon  the  Periodic  Classification,  which  they  regard  as  a  metaphysical  con¬ 
ception.  Instead,  they  demand  chemical  proofs,  and  consider  from  that 
point  of  view  that  they  can  establish  a  very  close  relationship  between  the 
rare  earth  elements  and  the  bivalent  metals.  Into  the  nature  of  these 
chemical  relationships,  however,  it  is  hardly  necessary  to  enter,  for,  whatever 
value  may  attach  to  them,  Urbain  has  shown  that  similar  relationships  may 
be  recalled  which  connect  the  rare  earth  elements  at  least  as  well  with 
bismuth.^® 

The  evidence  bearing  on  the  valency  of  the  rare  earth  elements  will  now 
be  considered  in  some  detail. 

(i.)  Dulong  and  Petit’s  Law. — The  only  specific  heat  data  for  the  elements 
themselves  are  given  in  the  following  table  ; — 


Element. 

Specific  Heat. 

Temp. 

Range. 

Combining 

Weight. 

Combining  Weight  x 
Specific  Heat. 

Cerium  . 

0-0448  11 

e 

0 

0 

i-H 

1 

0 

0 

46-8 

2-09  =  6-4/3  approx. 

J)  •  •  • 

0-05012 

2 

46-8 

2-34  =  6-4/3  „ 

0-0511” 

20‘“-100° 

46-8 

2-39  =  6-4/3  ,, 

Lanthanum 

0-0449  11 

0°-100° 

46-3 

2-08  =  6-4/3  ,, 

“Didymium” 

0-0456  11 

O^-lOO' 

47-7 

2-18  =  6-4/3  „ 

1  Cleve  and  Hbglund, -BuZL  Soc.  chim.,  1872,  [ii.],  i8,  193,  289;  Cleve,  ihid.,  1874, 
[ii.],  21,  196,  246,  344  ;  John,  ibid.,  1874,  [ii.],  2i,  533. 

2  Hillebnmd,  Fogg.  Annalen,  1876,  158,  71. 

Rammelsberg,  £er.,  1876,  9,  1580. 

*  Rammelsberg,  Fer.,  1873,  6,  84.  See  also  Delafontaine,  Arch.  Sci.  phys.  nat,,  1874, 
51,  45,  and  Mendel^efif,  Annalen,  1873,  168,  45. 

®  See  p.  234. 

®  Winkler,  Ber.,  1891,  24,  873. 

’  Brauner,  Ber.,  1891,  24,  1328  ;  Winkler,  Ber.,  1891,  24,  1966. 

®  See  particularly  Wyrouboff,  Btdl.  Soc.  /rang.  Min.,  1896,  19,  219  ;  1905,  28,  201  ; 
Wyrouboff  and  Verneuil,  Bull,  Soc.  chim.,  i899,  [iii.],  2I,  118  ;  Ann.  Chim.  Phys.,  1905, 
[viii.],  6,  465-482. 

®  See  p.  235. 

Urbain,  J.  Chim.  phys.,  1906,  4,  107. 

”  Hillebrand,  Fogg.  Annalen,  1876,  158,  71. 

Mendeleeff,  Bull.  Acad.  Sci.  Petrograd,  1870,  p.  445, 

Hirsch,  J.  Ind.  Eng,  Chem.,  1911,  3,  880 ;  1912,  4,  65. 
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It  will  be  seen  that  ,  the  results  argue  very  strongly  for  the  tervalency  of  the 
elements. 

The  extension  of  Dulong  and  Petit’s  Law  to  compounds,  usually  called 
Kopp’s  Law,  may  also  be  utilised.  The  mean  specific  heats  between  0°  and 
100  of  a  number  of  the  rare  earths  and  their  sulphates  were  measured 
by  Nilson  and  Pettersson,  from  whose  memoir  the  following  figures  are 
taken  : —  ^ 


Compound. 

Specific 

Heat. 

Molecular 

Heat. 

Compound. 

Specific 

Heat. 

Molecular 

Heat. 

AlA 

0-1879 

19-32 

AbfSOJs 

0-1855 

63-59 

S02O3 

0-1530 

20-81 

^^2(804)3 

0-1639 

62-42 

Ga.203 

0-1062 

19-54 

Ga2(S04)3 

0-1460 

61-90 

Y2O3 

0-1026® 

23-29 

0-1319 

61-60 

in2Ug 

0-0807 

22-17 

1112(804)3 

0-1290 

66-41 

Er203 

0-0650  ■ 

24-70 

Er2(S04)3 

0-1040 

64-48 

“Yb203” 

0-0646 

25-45 

“Yb2(S04)3” 

0-1039 

65-87 

La203 

0-0749 

24-42 

La2(  804)3 

0-1182 

66-90 

“Di203” 

0-0810 

27-62 

“012(804)3” 

0-1187 

68-96 

063(804)3 

0-1168 

66-23 

Fe2(S04)3 

0-1656 

66-24 

Cr2(S04)s 

0-1718 

67-41 

The  tervalency  of  the  rare  earth  elements  mentioned  in  the  preceding 
table  is  thus  seen  to  be  in  harmony  with  Kopp’s  Law,  when  the  molecular 
heats  of  the  oxides  and  sulphates  of  the  tervalent  elements  aluminium, 
scandium,  gallium,  indium,  iron,  and  chromium  are  compared  with  the  similar 
data  for  the  compounds  of  the  rare  earth  elements.®  The  evidence,  however, 
is  not  very  strong.  From  measurements  of  the  specific  heats  of  cerous  and 
“didymium”  tungstates  Cossa  concluded  that  the  rare  earth  elements  are 
diads.^ 

(ii.)  Transparency  to  X-rays.  —  Benoist’s  method,  as  described  under 
Indium  (see  pp.  152-4),  has  been  applied  to  cerium,  and  the  results  obtained 
show  that  the  atomic  weight  of  the  element  is  three  times  the  chemical 
equivalent  of  cerium  in  cerous  salts.^ 

(iii.)  X-ray  Spectra. — The  X-ray  spectra  of  the  elements  are  discussed 
later  in  this  volume  (see  pp.  312,  363),  where  it  is  shown  that  the  atomic 
numbers  of  the  rare  earth  elements  (yttrium  excepted)  lie  between  those  of 
barium  and  tantalum.  Since,  in  general,  the  order  of  increasing  atomic 
numbers  is  the  same  as  that  of  increasing  atomic  weights,  it  follows  that  the 
atomic  weights  of  the  rare  earth  elements  lie  between  those  of  barium  and 
tantalum,  a  clear  indication  that  the  rare  earth  elements  are  tervalent. 

(iv.)  The  Law  of  Isomorphism.  —  It  very  frequently  happens  that 
corresponding  compounds  of  the  rare  earth  elements  are  isomorphous.  The 
actual  cases  need  not,  however,  be  cited  here,  as  full  details  are  given  later 


^  Nilson  and  Pettersson,  Gompt.  rend.,  1880,  91,  232;  Ber.,  1880,  13,  1459. 

2  Cf.  Tanatar  and  Voljansky,  J.  Buss.  Phys.  Chem.  Soc.,  1910,  42,  96. 

®  It  may  be  remarked  that  the  atomic  heats  of  the  elements  aluminium  and  gallium  are 
decidedly  below  the  normal  value  6'4.  The  values  for  scandium  and  yttrium  are  not  known. 
*  Cossa,  vide  infra  ;  Cossa  and  Zechini,  vide  infra. 

®  Benoist  and  Copaux,  Gompt.  rend.,  1914,  158,  689. 
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in  this  chapter,  when  the  rare  earth  salts  are  described  in  some  detail 
(see  pp.  250-282). 

The  conclusion  that  may  be  drawn  from  the  preceding  fact  is  very 
important.  The  ratio  atomic  weight  :  combining  weight  is  the  same  I 

for  all  the  rare  earth  elements,  the  combining  weights  being  deduced  from  the  | 

compositions  of  the  basic  oxides.  The  determination  of  this  ratio  by  utilis-  | 

ing  the  law  of  isomorphism  cannot,  however,  be  effected  unless  cases  of  t 

isomorphism  between  compounds  of  the  rare  earth  elements  and  of  other  < 

elements  of  known  atomic  wnight  can  be  discovered.  A  number  of  such  cases  , 

are  actually  known,  and  the  conclusions  to  which  they  lead  are  conflicting  ; 
in  part  the  results  indicate  that  the  rare  earth  elements  are  diads,  and  in  part 
they  point  to  their  being  triads.  : 

{a)  Cerous  and  “didymium”  tungstates  and  molybdates  are  isomorphous, 
and  form  mixed  crystals  with  calcium  tungstate,  CaWO^,  and  lead  molybdate, 

PbMoO^.i 

{h)  Calcium  and  strontium  silicotungstates  are  isomorphous  and  form  mixed 
crystals  with  the  silicotungstates  of  lanthanum,  cerium,  and  “didymium.”^ 

(c)  Lanthanum,  cerium,  and  “didymium”  silicotungstates  are  also  iso¬ 
morphous  with  the  thorium  salt.®  , 

{d)  In  certain  minerals,  e.g.  parisite,  cordylite,  yttrocerite,  and  yttrofluorite,  i 

the  fluorides  of  calcium,  barium,  and  the  rare  earth  elements  are  present  in  t 

isomorphous  mixture.^  1 

(e)  Bismuth  nitrate  forms  a  stable  pentahydrate,  Bi(N03)3.5H20,  and  a  labile  •' 

hexahydrate,  Bi(N03)3.6H20 ;  lanthanum  and  “didymium”  nitrates  form  ( 

stable  hexahydrates,  M(N03)3.6H20,  and  labile  pentahydrates,  M(N03)3.5H20,  ' 

if  the  metals  are  regarded  as  tervalent,  and  these  salts  are  isodimorphous  ’ 

with  bismuth  nitrate,  two  series  of  mixed  crystals  being  foi-med  with  the  i 

La-Bi  and  two  with  the  “  Di  ”-Bi  mixtures.  Two  series  of  mixed  crystals 
are  also  formed  with  the  yttrium-bismuth  mixtures.® 

Bismuth  nitrate,  Bi(N03)3.6H20,  is  isomorphous  wdth  the  nitrates  of  the 
metals  of  the  terbium  and  yttrium  groups  obtained  by  crystallising  from 
fairly  concentrated  nitric  acid  (density  1'3).  These  hydrates  are  of  the  type 
M”^(N03)3.5H20  if  the  rare  earths  are  tervalent.  The  gadolinium,  terbium, 
dysprosium,  and  holmium  salts  form  mixed  crystals  with  the  bismuth  salt, 
which  also  induces  the  crystallisation  of  neoytterbium  and  lutecium  nitrates.® 

The  hydrates  of  bismuth  sulphate  are  isomorphous  with  various  hy^drates 
of  the  rare  earth  sulphates,  and  the  following  mixed  cry^stals  have  been 
prepared,  but  only  containing  a  few  per  cent,  of  the  rare  earth  salts  : —  ^ 

(Bi,La)2(S0,)3.9H20  (Bi,“  Di  ”)2(S(),)3.8H,0  I 

(Bi,La)2(S04)3.5H20  (Bi,Y)2(S0,)3.8H20  “  j 


1  Cossa,  Oazzetta,  1879,  9,  118  ;  1880,  lo,  467  ;  Compt.  rend.,  1884,  98,  990  ;  1886,  102, 
1.315  ;  Cossa  and  Zecchini,  Gazzetta,  1880,  10,  225  ;  Didier,  Compt.  rend.,  1886,  102,  823  ; 
Hogbom,  Bull.  Soc.  chim.,  1884,  [ii.],  42,  2. 

®  Wyrouboff,  Btdl.  Soe.franq.  Min.,  1896,  19,  219;  1905,  28,  201. 

®  Wyrouboff,  loc.  eit. 

^  T.  Vo^t,  Jahrb.  Min.,  1914,  II.,  9. 

®  Bodman,  Bihang  K.  SvensJca  Vet.-Akad.  Handl.,  1900,  26,  II.,  No.  3  ;  Zeitseh.  avorg. 
Chem.,  1901,  27,  254  ;  Zeitseh.  Kryst.  Min.,  1900,  32,  613  ;  1902,  36,  192 ;  Ber.,  1898,  31, 
1237. 

“  Urbain,  Compt.  rend.,  1904,  139,  736  ;  1909,  149,  37  ;  J.  Chim.  phys  ,  1906,  4,  342  ; 
Blumenfeld  and  Urbain,  Compt.  rend,,  1914,  159,  323. 

Bodman*  loc.  eit. 
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Lanthanum  ammonium  nitrate,  which  is  La(N03)3.2(NHJN03.4H20,  on 
the  assumption  that  lanthanum  is  tervaleut,  forms  mixed  crystals  with  bismuth 
ammonium  nitrate,  Bi(N02)3.2(lSrHJN03.4H20.i 

Bismuth  nitrate  forms  double  salts  with  the  nitrates  of  magnesium,  zinc, 
nickel,  cohalt,  and  manganese.  They  are  of  the  type  2Bi(N03)3.3M”(N03)2. 
24H2O,  hexagonal,  and  isomorphous  with  one  another.  The  nitrates  of 
lanthanum,  cerium,  praseodymium,  neodymium,  samarium,  europium,  and 
gadolinium  also  form  double  nitrates  with  the  diad  elements  already  mentioned. 
They  are  of  the  type  2M“^(N03)3.3M^^(N03)2.24H20,  if  the  rare  earth  elements 
are  triads.  These  salts  are  hexagonal  and  strictly  isomorphous  with  the 
bismuth  salts ;  the  latter  readily  form  mixed  crystals  with  the  salts  of 
gadolinium,  europium,  and  samarium.  ^ 

Summing  up  the  crystallographic  evidence,  it. may  be  said  that  while' 
the  evidence  given  in  paragraphs  (a),  (h),  and  (d)  above  is  in  favour 
of  the  view  that  the  rare  earth  elements  are  diads,  that  given  in  (c) 
suggests  that  they  are  tetrads,  and  that  given  in  (e)  strongly  suggests 
that  they  are  triads.  The  evidence  derived  from  the  study  of  the  silico- 
tungstates  cannot  be  considered  at  all  conclusive.  It  may  obviously  be 
used  to  support  the  view  that  thorium  is  a  diad,  a  view  contrary  to  all 
the  other  evidence  bearing  on  the  valency  of  thorium;®  and  it  may  be 
added  that  it  also  leads  to  the  untenable  conclusion  that  lithium  is  a 
diad.^  In  fact,  with  such  a  large  molecule  as  that  of  a  silicotungstate,  the 
nature  of  the  metal  present  would  appear  to  exert  only  a  minor  influence 
on  the  crystalline  structure.  The  cases  of  the  molybdates  and  tungstates, 
however,  cannot  be  ruled  aside  in  a  similar  manner,  but  in  view  of  the 
strong  evidence  in  favour  of  the  tervalency  of  the  rare  earth  elements 
afforded  by  their  isomorphism  with  bismuth,  it  is  possible  that  the  cases  of 
the  molybdates  and  tungstates  are  to  be  ranked  with  the  other  “unusual” 
cases  of  isomorphism  that  have  been  pointed  out  by  Barker.®  The  safest 
plan,  nevertheless,  is  to  ignore  the  evidence  based  upon  considerations  of 
isomorphism. 

(v.)  Molecular  Weight  Measurements.-— '^o  compounds  of  the  rare  earth 
elements  are  known  that  volatilise  without  decomposition  at  temperatures 
suitable  for  vapour  density  determinations.  Molecular  weights  have 
accordingly  to  be  measured  in  solution. 

{a)  The  anhydrous  chlorides  of  lanthanum,  cerium,  praseodymium,  neo¬ 
dymium,  and  yttrium  have  been  studied  in  alcoholic  solution  by  the  boiling- 
point  method.  The  molecular  weights  are  in  accordance  with  the  simple 
formula}  M^^Clg,  the  metals  being  tervalent.® 

(5)  The  chlorides  of  neodymium,  samarium,  and  “ytterbium”  have  been 
examined  in  aqueous  solution  by  the  freezing-point  method.  Here,  owing 
to  ionisation,  it  is  necessary  to  express  comparative  results.  For  solu- 


^  Urbain  and  Lacombe  ;  cited  by  Urbain,  J.  Chim.  phys.,  1906,  4,  105. 

2  Urbain  and  Lacombe,  Compt.  rend.,  1903,  137,  568,  792,  820  ;  Urbain,  J.  Ghim.  phys., 
1906,  4,  105. 

^  See  Vol.  V.  of  this  series. 

*  See  Wyrouboff,  loc.  cit. 

®  Barker,  Trans.  Chem.  Soc.,  1912,  lOi,  2484. 

^  Muthmann,  Ber.,  1898,  31,  1829  (Ce)  ;  Brauner,  Proc.  Chem.  Soc.,  1901,  17,  65  ; 
Chem.  Zentr.,  1900,  ii.  524  (Pr)  ;  Matignon,  Ann.  Chim.  Phys.  1906,  [viii.],  8,  273  (Nd), 
435  (Y)  ;  W.  Biltz,  Annalen,  1904,  331,  334  (La  “Di”).  In  alcoholic  solution  the  rare 
earth  chlorides  are  undoubtedly  combined  with  the  solvent  (see  p.  255). 
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tions  which  freeze  at  -  1°  C.  the  following  “molecular  depressions”  have  been 
found  : — ^ 

NdCL  .  .  .08  AICI3  ....  64-5 

SmClo  .  .  .65-6  CrClg  ....  65 

YbClg  ...  66  A1(N03)3  .  .  .  65-4 

The  foregoing  results  are  calculated  on  the  assumption  that  the  rare  earth 
metals  are  tervalent,  and  the  assumption  is  seen  to  be  very  satisfactory. 
The  alternative  view  that  they  are  diads  is  much  less  satisfactory. 

(c)  Various  acetylacetonates  of  the  rare  earth  metals  have  been  examined 
in  organic  media.  The  results  are  in  harmony  with  the  view  that  the  acetyl¬ 
acetonates  have  the  double  molecular  weight,  i.e.  [M^”{(CH3.00)2CH}3]2, 
in  moderately  concentrated  solution,  and  that  the  double  molecules  break 
down  with  dilution.  The  following  cases  have  been  examined  : —  ^ 

Ce  compd.  in  carbon  tetrachloride  ;  “  Di  ”  compd.  in  carbon  tetrachloride. 

Pr  ,,  „  „  disulphide;  Sm  „  „  „  disulphide. 

Nd  „  ,,  ethyl  sulphide. 

{d)  The  equivalent  conductivities  of  aqueous  solutions  of  various  salts  of 
the  rare  earth  elements  have  been  measured.  The  following  results  have  been 
obtained  at  25°  : —  ® 


LaClg  ^  ^1024  ^32  —25  7  , 

YCl3^ 

A1059  “  A33  =24w 

CeClg^  =28-5; 

La(N03)3C 

A1024  “  A32  =^8  0 

PrClg  ®  AjQg2  -  A34.3  —  30'4 ; 

La2(S04)3® 

Ai024~A34  =51 '6 

NdCl3  5  Ag3y  -A29.8  =  30-4  ; 

Ce2(SO,)3® 

Aio56  “  ^33  ~ 

SmClgS  A4o,3-A3,.,  =  28-7; 

Sm2(S04)3  ® 

Aloos  “  A34.4  =  58T 

According  to  Brauner  and  Svagr,  the  value  of  A;^Q24  “  A32  at  25* *  for  each  of 

the  sulphates  of  lanthanum,  cerium,  praseodymium,  neodymium,  samarium, 
gadolinium,  yttrium,  erbium,  and  “  ytterbium  ”  is  56  approximately.'^ 

In  accordance  with  Ostwald’s  Rule  ®  the  value  of  AJ324  —  Ago  should  be  about 
30  for  the  chlorides  and  nitrates  and  about  60  for  the  sulphates  if  the  rare 
earth  elements  are  tervalent,  the  corresponding  values  for  bivalent  metals 
being  20  and  40  respectively.  It  is  evident  that  the  experimental  evidence 
is,  on  the  whole,  decidedly  favourable  to  the  tervalency  of  the  metals.^ 


1  Matignon,  Ann.  Chim.  Phys.,  1906,  [viii.],  8,  274  (Nd),  403  (Sm),  443  (Yb)  ;  other 
data  due  to  Raoult,  ibid.,  1885,  [vL],  4,  411. 

2  W.  Biltz,  Annalen,  1904,  331,  334. 

®  The  formulae  are  written  on  the  assumption  that  the  rare  earth  elements  are  tervalent, 
but  the  numerical  data,  being  equivalent  conductivities,  are  independent  of  this  assump¬ 
tion.  The  dilution  v  is  expressed  in  litres  per  gram-equivalent,  as  usual. 

*  Ley,  Zeitsch.  physikal.  Chem.,  1899,  30,  193. 

®  Aufrecht,  Inaugural  Dissertation  (Berlin,  1904) ;  see  Abegg,  Handbuch  der  anorgan- 
ischen  GAemie  (Leipzig,  1906),  vol.  3,  pt.  1. 

®  Muthmann,  Ber.,  1898,  31,  1829. 

’  Brauner  and  Svagr,  cited  in  Abegg,  cit.,  p.  170.  For  other  conductivity 
measurements,  see  Jones  and  Allen,  Amer.  Chem.  J.,  1896,  18,  321  ;  Jones  and  Reese,  ibid., 
1898,  20,  606;  Noyes  and  Johnston,  J.  Amer.  Chem.  Soc.,  1909,  31,  987. 

®  See  Vol.  I.  p.  150. 

®  That  the  rare  earth  elements  are  tervalent  is  also  shown  by  the  behaviour  of  their  salts 
in  coagulating  arsenious  sulphide  hydrosol  (Freundlich  and  Schucht,  Zeitsch.  physikal. 
Chem.,  1912,  80,  564). 
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(vi.)  Composition  of  Salts. — The  assumption  that  the  rare  earth  elements 
are  triads  often  leads  to  formulae  considerably  simpler  than  those  necessitated 
by  the  assumption  that  they  are  diads.  This  was  pointed  out  by  Cleve  and 
Hbglund  in  discussing  the  compounds  of  yttrium  and  “  erbium.” ^  The 
following  alternative  formulae  of  a  number  of  yttrium  salts  may  be  cited : — 


Diad. 

YSO^.fHgO  or  SYSO^.SHgO 
Y3Na2(S04)4.2H20  or  3Y«04.Na,S0,.2H20 
Y3(NH,),(S04)4.9H20  or  3YS04.2(NH4)2S0,, 
Y3K2[Fe(CN)3]2.4H20 
Y3H2(Se03)4  or  3YSe03.H;Se03 
Y3H2(P207)2.7H20 

Y3K2(C204),.H20  or  3YC20,.K2C20,.H20 

Y3H2(C,H,03),.6H20 


9H2O 


Triad. 

Y2(S0,)3.8H20 

Y2(S0,)3.Na2S04.2H20 

Y2(S04)3.2(NH4)2S04.9H20 

YKFe(CN)e.2H20 

Y2(Se03)3.H2Se03 

2YH(P207)2.7H20 

Y2(C204)3.K2C204.H20 

YH(04H40e)4.6H20 


The  manner  in  which  Y3  enters  into  the  diad  formulae  of  the  double  salts  is 
very  curious  and  significant. 

Similar  results  hold  for  the  salts  of  each  of  the  rare  earth  metals  that 
has  been  studied  in  any  detail.  The  compounds  that  cerous,  neodymium,  and 
samarium  chlorides  form  with  ammonia  may  be  cited  as  further  examples  of 
the  simplicity  of  the  triad  formulae  : — 


Triad.  Diad.  Triad.  Diad.  Triad.  Diad. 

CeCl3.20NH3  CeClg-lSiNHs  Nd0l3.12NH3  NdCla-S  NH3  SmClg.llJNHa  SmCla.TSNHa 
CeCl3.12NH3  CeCla.  8  NH3  NdCh.llNHg  NdCl2.7^NH3  SmClg.  SmCl2.6JNH3 

CeCh.  8NH3  CeCh.  SJNHg  NdClj.  8NH3  NdClo.S^NHg  SmClg.  8  NHg  SmClg.SiNHg 

CeCh.  4NH3  CeC4  2§NH3  NdClg.  6NH3  NdCh.SJNHs  SinClg.  5  NH3  SmCla.SiNHg 

CeCh.  2NH3  CeCl,.  llNHg  NdClg.  4NH3  NdCL.2|NH3  SmCL  4  NH,  Sm('l„.2|NH3 

NdClg.  2NH3  NdCh.liNHg  SmClg.  3  NH®  SmCl2.2  Nh' 

NdClg.  INH3  NdClg.  fNHg  SmCL.  2  NH3  SmClg.lJNHg 

SmCls.  1  NH3  SmCla-  fNHj 

The  triad  formulae  are  here  clearly  more  convenient  than  the  diad. 

Further  than  this,  the  double  and  complex  salts  of  the  rare  earth  elements 
are  often  different  in  type  from  those  of  the  known  diad  elements.  Consider, 
for  instance,  the  chloroplatinates.  Those  of  the  known  uni-  and  bi-valent 
metals  are  normal,  i.e.  the  chlorine  of  the  platinic  chloride  is  twice  the  chlorine 
of  the  metal  chloride,  e.g.  2KCl.PtCl4  and  MgCl2.PtCl4.6H2O.  The  salts  of 
metals  known  to  be  tervalent  are  not,  however,  of  the  normal  type,  but  are 
basic ;  and  the  salts  of  the  rare  earth  elements  are  similar  in  composition  to 
them,  thus : — 

2(AlCl3.PtCl4).30H2O  ; 

2(FeCl3.PtCl4).21H.20; 

2(CrCl3.PtCl4).21H20; 

2(LaCl3.PtCl4).27H20; 

The  indium  and  yttrium  salts  are  anomalous,  being  2InCl3.5PtCl4.36H20  and 
4YClg.5PtCl4.52H20  respectively,  but  neither  is  of  the  normal  type.  From 
the  composition  of  the  chloroplatinates,  then,  the  rare  earth  elements  must 


2(CeCl3.PtCl4).27H20 

2(“Di”Cl3.PtCl4).21H20 

2(“Er”Cl3.PtCl4).21H20 


1  Cleve  and  Hoglund,  Bull.  Soc.  chim.,  1872,  [ii.],  18,  193,  289.  See  also  Cleve,  Hid., 
1874,  [ii.],  21,  196,  246,  344  ;  John,  ibid.,  1874,  [ii.],  21,  533. 
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be  regarded  as  tervalent ;  and  the  same  conclusion  may  be  drawn  from  a 
study  of  the  chloi'oplatinites  and  the  selenites?- 

(vii.)  The  Periodic  Classification.  —  It  has  been  already  stated  that 
Mendeleeff  was  the  first  to  reject  the  idea  of  the  bivalency  of  the  rare  earth 
elements,  and  the  formulae  he  proposed  for  the  oxides  of  these  elements  have 
been  given  (see  p.  231).  His  method  of  incorporating  the  rare  earth  elements 
into  the  Periodic  Table  was  as  follows : — 


Sr 

Y 

Zr 

Nb 

Cd 

In 

Sn 

Sb 

Ba 

Di 

Ce 

- 

- 

- 

- 

- 

Er 

La 

Ta 

With  regard  to  these  positions,  Mendeleeff  was  convinced  of  the  accuracy 
of  his  views  concerning  cerium,  the  more  so  as  he  showed  experimentally 
that  cerium  thereby  followed  Dulong  and  Petit’s  Law ;  ^  but  although 
he  was  satisfied  with  the  position  he  assigned  to  yttrium,  he  was  doubtful 
over  lanthanum,  didymium,  and  erbium.  The  positions  assigned  to  these 
elements  by  Mendeleeff  in  his  table  need  not,  however,  be  further  discussed, 
since  the  “didymium”  and  “erbium”  of  1872  are  now  known  to  be  complex 
mixtures. 

At  the  present  time  the  problem  is  to  place  not  five,  but  fifteen,  rare  earth 
elements  into  the  Periodic  Table.  Inspection  of  that  table  will  show  that  in 
seeking  positions  for  the  rare  earth  elements  only  two  vacant  places  occur 
for  elements  of  atomic  weight  less  than  that  of  barium,  viz.  one  between 
strontium  (87‘63)  and  zirconium  (90‘6),  and  the  other  between  molybdenum 
(96‘0)  and  ruthenium  (101 ’7).  Between  barium  (137 '37)  and  tantalum  (181 '0) 
there  are  many  vacant  places.  The  atomic  weights  of  the  rare  earth  elements 
are  as  follows,  according  to  whether  they  are  diads  or  triads : — 


Element. 

Diad. 

Triad. 

Element. 

Diad. 

Triad. 

Element. 

Diad. 

( 

Triad. 

Yttrium 

59  ■! 

88-7 

Samarium 

100 '3 

150-4 

Holmium 

109-0 

163-5 

Lanthanum  . 

927 

139-0 

Europium 

101-3 

152-0 

Erbium 

111-8 

167-7 

Cerium  , 

93 ’5 

140-3 

Gadolinium  . 

104-9 

157-3 

Thulium 

112-3 

168-5 

Praseodymium 

93-9 

140-9 

Terbium 

106-1 

159-2 

Y  tterbium 

115-7 

173-5 

Neodymium  . 

96-2 

144-3 

Dysprosium  . 

108-3 

162-5 

Lutecium 

116-7 

175-0 

Assuming  that  the  rare  earth  elements  are  diads,  it  is  seen  at  once  that 
(i.)  there  is  no  place  in  the  Periodic  Table  for  yttrium,  (ii.)  three  elements 


^  Nilson,  Ber.,  1876,  9, 1056  (chloroplatiuates) ;  Ber.,  1876,  9,  1142  ;  or  J.pmkt.  Chem., 
1877,  tii-I  15)  260  (chloroplatinites) ;  Ber.,  1875,  8,  655  ;  Bull.  Soc.  chim.,  1875,  [ii.],  23, 
494  ;  or  Nova  Ada  Soc.  Upsala,  1875,  [iii.],  9,  No.  7  (seleuites).  See  also  Cleve  and 
Hoglund,  Bull.  Soc.  chim.,  1872,  [ii.],  18,  193,  289;  Cleve,  tWd.,  1874,  [ii.],  21,  196, 
246,  344, 

2  See  p.  232. 
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compete  for  the  one  vacant  place  between  molybdenum  and  ruthenium,  (iii.) 
eleven  other  elements  resemble  yttrium  in  being  without  places,  and  (iv.) 
the  spaces  between  barium  and  tantalum  still  remain  unoccupied.  On  the 
other  hand,  assuming  the  elements  to  be  triads,  it  is  observed  that  (i.)  yttrium 
occupies  the  vacant  space  between  strontium  and  zirconium,  (ii.)  the  space 
between  molybdenum  and  ruthenium  remains  vacant,  and  (iii.)  fourteen 
elements,  the  atomic  weights  of  which  lie  between  those  of  barium  and 
tantalum,  are  available  for  filling  the  vacancies  between  the  positions  of  those 
two  elements. 

On  the  assumption  of  the  tervalency  of  the  rare  earth  elements,  then,  it 
it  possible  to  place  all  these  elements  into  vacant  spaces.  From  the  chemical 
point  of  view,  however,  the  positions  that  the  rare  earth  elements  then 
occupy  are  most  unsatisfactory,  except  in  the  cases  of  yttrium,  lanthanum, 
and  cerium.  Lanthanum  and  cerium  follow  directly  after  barium,  for  there 
are  good  reasons  for  regarding  cerium  as  a  member  of  Group  IV.  in  the 
table.  Hence,  scandium,  yttrium,  and  lanthanum  must  be  grouped  together 
as'constituting  the  even  subgroup  of  Group  Ill. ;  and  this  view  is  in  very  fair 
accordance  with  their  properties.  There  still  remain,  however,  twelve  more 
elements,  and  it  is  impossible  to  arrange  them  in  positions  which  range  from 
Group  I.  to  Group  VIII.,  to  assume  that  each  is  tervalent  in  its  salts,  and 
still  accept  the  truth  of  the  Periodic  Law.  Clearly  such  assumptions  are 
mutually  contradictory.  So  far,  therefore,  as  the  rare  earth  elements  are 
concerned,  Mendeleeflf’s  classification  is  defective,  and  cannot  be  legitimately 
utilised  in  arguing  for  or  against  the  tervalency  of  the  rare  earth  elements. 

(viii.)  The  Case  of  Cerium. — The  element  cerium  differs  from  the  other 
rare  earth  elements  in  that  it  forms  two  basic  oxides  and  two  series  of  salts. 
Referred  to  vinit  weight  of  cerium,  the  oxygen  in  the  lower  oxide  is  to  that 
in  the  higher  oxide  as  3  is  to  4.  From  the  point  of  view  of  simplicity,  then, 
the  oxides  are  best  formulated  as  CogOg  and  CeOg,  cerium  being  regarded  as 
both  triad  and  tetrad.  If,  however,  cerium  in  cerous  salts  is  regarded  as  a 
diad,  it  follows  that  the  higher  oxide  is  CegO^,  quite  a  imique  type  of  basic 
oxide,  and  that  the  formulae  of  the  ceric  salts  are  very  complicated. 

There  is,  moreover,  sti'ong  evidence  in  favour  of  the  first  of  the  two 
preceding  views,  and  for  classifying  cerium  with  titanium,  zirconium,  and 
thorium  as  a  group  of  tetrad  elements.  Since  the  evidence  is  fully  discussed 
in  a  subsequent  volume,^  it  is  unnecessary  to  repeat  it  here ;  it  is  only 
necessary  to  point  out  that  the  fact  that  evidence  independent  of  the  preced¬ 
ing  shows  cerium  to  be  tervalent  in  cerous  salts  is  a  strong  argument  in 
favour  of  the  tervalency  of  the  other  rare  earth  elements. 

(ix.)  Summary. — The  evidence  bearing  upon  the  qiiestion  of  the  valencies 
and  atomic  weights  of  the  rare  earth  elements  has  now  been  discussed,  from 
various  different  points  of  view.  Whatever  the  value  that  may  be  assigned  to 
the  crystallographic  evidence  and  the  appeal  to  the  Periodic  Law,  the  balance 
of  evidence  indicates  that  the  rare  earth  elements  are  tervalent  in  their  salts. 
This  view,  which  is  accepted  by  nearly  all  chemists,  is  the  one  adopted  in 
this  book. 

Practical  Methods  of  Atomic  Weight  Measurement. — The  chief 
methods  that  have  been  employed  in  the  determination  of  the  atomic 
weights  of  the  rare  earth  elements  are  briefly  outlined  in  the  following 
paragraphs. 


^  See  Vol.  V.  of  this  series. 
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(i.)  Sulphate  Methods.— {a)  Synthetical.  A  weighed  amount  of  the  pure 
sesquioxide,  prepared  by  the  ignition  of  the  pure  oxalate,  is  dissolved  in 
hydrochloric  acid  in  a  weighed  platinum  crucible,  a  slight  excess  of  sulphuric 
acid  added,  and  the  solution  evaporated  as  far  as  possible  on  the  water-bath. 
The  evaporation  is  then  continued  at  a  higher  temperature  until  the  excess  of 
sulphuric  acid  has  been  removed  and  the  residual  anhydrous  sulphate  brought 
to  constant  weight  at  about  500°.  If  the  weights  of  oxide  and  sulphate  be  a 
and  b  respectively,  and  the  required  atomic  weight  be  X,  then 

2X 48-000; 2X  + 288-195  ::  .  .  .  (I.) 

This  method,  originated  (in  a  slightly  different  form)  by  Bahr  and  Bunsen  in 
1866,  has  been  used  more  than  any  other  for  determining  the  atomic  weights 
of  the  rare  earth  elements.^  Although,  however,  the  procedure  is  simple,  the 
method  is  certainly  not  the  best  that  can  be  employed  for  the  atomic  weight 
determinations.  Owing  to  the  extremely  hygroscopic  nature  of  the  anhydrous 
sulphates,  great  care  must  be  taken  to  exclude  moisture  from  the  salts  until 
they  have  been  weighed.  The  chief  difficulty,  however,  consists  in  obtaining 
the  sulphates  dry  and  neutral,  since  water  and  sulphuric  acid  are  retained  if 
the  final  temperature  of  heating  is  too  low,  and  decomposition  of  the  sulphates 
begins  if  the  final  temperature  is  too  high.  In  the  former  case,  the  sulphates 
dissolve  in  water,  forming  clear  solutions  which  react  acid  towards  methyl- 
orange  ;  in  the  latter,  the  sulphates  do  not  dissolve  to  a  clear  solution. 
The  precise  final  temperature  to  employ  probably  requires  in  each  individual 
case  a  special  investigation  for  its  determination.  In  many  cases,  the  boiling- 
point  of  sulphur,  which  is  probably  too  low,  has  been  chosen ;  Wild  recom¬ 
mends  450°-500’,  and  other  chemists  have  adopted  500°.  According  to 
Brauner,  it  is  always  necessary  to  dissolve  the  residual  sulphate  in  water, 
titrate  with  N/10  sodium  hydroxide  till  the  solution  is  neutral,  and  apply  the 
appropriate  correction.  In  view  of  the  results  obtained  by  Jones  and  by 
Holmberg,  however,  it  is  difficult  to  believe  that  the  preparation  of  a  dry, 
neutral  sulphate  cannot  be  accomplished.^ 

(6)  Analytical.  In  this  process  the  octahydrated  sulphate,  X2(SO^)3. 
8H2O,  is  chosen  as  starting  material.  The  sample  for  analysis  may  generally 
be  prepared  by  dissolving  a  gram  or  two  of  oxide  in  hydrochloric  acid, 
evaporating  nearly  to  dryness,  diluting  to  fifty  cubic  centimetres,  adding  a 
slight  excess  of  sulphuric  acid,  and  then  quickly  diluting  with  a  litre  of 
alcohol.  The  precipitated  sulphate  is  well  washed  with  alcohol,  dried  at  110°, 
dissolved  in  water,  and  crystallised  at  the  temperature  of  the  water-bath. 
The  crystals  are  separated  from  the  mother  liquor,  dried  in  the  air,  powdered 
in  an  agate  mortar,  and  dried  in  a  desiccator.  A  gram  or  two  of  the  sulphate 


1  For  further  details  of  the  method,  see  Bahr  and  Bunsen,  Annalen,  1866,  137, 1 ;  Bailey, 
Trans.  Chem.  Soc.,  1887,  51,  683  ;  Kriiss,  Zeitsch.  anorg.  Chem.,  1893,  3,  44  ;  Urbain,  Ann,. 
Chim,  Phys.,  1900,  [vii.],  19,  184  ;  Jones,  Amer.  Chem.  J.,  1902,  28,  23  ;  Chem.  News, 
1903,  88,  13  ;  Zeitsch.  anorg.  Chem.,  1903,  36,  92  ;  Brauner  and  Pavlicek,  Trans.  Chem. 
Soc.,  1902,  81,  1243  ;  Brauner,  Zeitsch.  anorg.  Chem.,  1903,  33,  317  ;  Wild,  1904,  38, 
191;  Brill,  ibid.,  1905,  47,  464  ;  Holmberg,  ibid.,  1907,  53,  124;  K.  J.  Meyer  and 
Wuorinen,  ibid.,  1913,  80,  7  ;  Egan  and  Balke,  J.  Amer.  Chem.  Soc.,  1913,  35,  365, 

*  It  is  possible,  as  Meyer  and  Wuorinen  have  pointed  out,  that  the  difficulties  may  have 
usually  arisen  from  the  fact  that  the  oxide  has  been  ignited  in  platinum  and  contaminated 
with  a  trace  of  that  element,  and  hence  that  the  rare  earth  sulphate  subsequently  formed 
has  been  slightly  contaminated  with  platinic  sulphate  ;  cf.  Jones,  loc.  cit. 
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18  weighed  into  a  small  platinum  crucible,  and  heated  to  350°  till  the  water 
has  been  expelled.  The  loss  of  weight  is  then  determined, 
ina  ly,  the  crucible  and  contents  are  placed  in  a  larger  crucible  (which  it  is 
prevented  from  touching  by  means  of  a  little  ignited  rare-earth  packing)  and 
eated  almost  to  a  white  heat  until  the  sulphate  has  been  completely  decom¬ 
posed.  The  weight  of  the  residual  oxide  is  then  determined. 

By  this  method,  in  addition  to  the  oxide-sulphate  ratio  (L),  values  for  the 
atomic  weight  may  be  calculated  from  two  other  ratios,  viz.  : — 

X2(S0,)3.8H,0  :  X3(SO,)3  ....  (11.) 

and 

X2(S04)3.8H20  :  X2O3  ....  (III.) 

It  should  be  noted  that  with  cerium,  the  final  residue  is  the  dioxide. 
With  praseodymium  and  terbium,  the  final  residues  are  peroxides  of  some¬ 
what  indefinite  composition.  They  may,  however,  be  reduced  to  sesqui-oxides 
in  a  stream  of  hydrogen. 

This  method  has  been  employed  very  successfully  by  Urbain,i  who  prefers 
the  values  deduced  from  ratio  (III.)  to  the  others.  The  oxide- sulphate  ratio 
as  determined  by  the  analytical  method  avoids  the  difficulty,  encountered  in 
the  synthetic  method,  of  driving  off  excess  of  acid,  but  it  suffers  from  another 
defect.  The  anhydrous  sulphate  obtained  is  extremely  porous,  and  absorbs 
gases,  so  much  so  that  it  is  impossible,  for  instance,  to  weigh  anhydrous 
gadolinium  sulphate  in  air  with  any  reasonable  degree  of  accuracy. 

The  foregoing  method  may  be  applied  to  very  small  quantities  of  material, 
the  weighing  being  made  on  a  torsion  microbalance.^ 

According  to  Brauner,  the  analytical  method  is  limited  in  its  scope,  since 
it  is  impossible  to  decompose  completely  by  ignition  the  sulphate  of  lanthanum 
and  the  other  sulphates  derived  from  the  strongly  basic  earths.  The  ana¬ 
lytical  method  is  therefore  best  suited  to  the  sulphates  of  the  elements  of  the 
terbium  and  erbium  groups.  As  an  illustration  of  the  nature  of  the  results 
it  has  afforded,  the  following  data,  referring  to  the  atomic  weight  of  europium, 
are  given  : —  ^ 


No.  of 

Weight  of 

Atomic  Weight  of  Eu  from  Ratio 

Fraction. 

^^2(804)3. 8  H2O. 

EU2(S04)3. 

I. 

II. 

III. 

15 

1-7787 

1-4303 

0-8500 

151-91 

151-74 

151-88 

16 

2-4785 

1-9935 

1-1848 

151-95 

162-10 

161-98 

17 

2-4177 

1-9449 

1-1554 

151-76 

152-33 

151-88 

18 

2-4831 

1-9968 

1-1870 

152-04 

151-80 

151-98 

19 

2-2988 

1-8488 

1-0990 

152-03 

151-96 

152-01 

Mean  . 

151-94 

161-98 

151-94 

^  TJrbain,  J.  CMm.  phys.,  190fi,  4,  52. 

Brill,  loc.  cit.-,  cf.  Nernst  and  Kieseiifeld,  Ber.,  1903,  36,  2086. 

®  Urbain  and  Lacombe,  Comjt.  rend.,  1904,  138,  627  ;  Urbair,  J,  Chim.  phys.,  1906, 
4,  118.  The  antecedent  data  are  0  =  16,  H  =  1’00762,  S  =  32'065.  The  numbers  attached 
to  the  fractions  have  the  same  meanings  as  those  on  p.  349. 
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(ii.)  The  Oxalate  Method. — This  method  is  more  suited  to  the  rapid 
determination  of  approximate  results  than  to  the  determination  of  exact 
atomic  weight  values.  The  precipitated  oxalate  is  either  air-dried  or  dried 
at  120°-130°  and  ground  in  an  agate  mortar  to  ensure  its  homogeneity.  In 
one  portion  the  percentage  of  rare  earth  oxide  is  determined  by  ignition,^  and 
in  another  the  oxalate  radicle  is  estimated  by  titration  with  a  standard 
solution  of  potassium  permanganate,  or  by  an  ordinary  combustion  analysis. 
From  the  ratio  X2O3 :  SCgOg  the  atomic  weight  is  easily  calculated.^  The 
oxalate  should  be  prepared  by  precipitation  with  oxalic  acid  from  a  slightly 
acid  solution ;  if  precipitated  by  a  soluble  oxalate  from  a  neutral  or  alkaline 
solution,  the  oxalates  of  the  alkali  metals  and  ammonium  are  co-precipitated 
to  a  very  considerable  extent.^ 

(iii.)  The  Halide  Methods. — (a)  The  analysis  of  the  pure,  anhydrous  chloride 
is  an  operation  comparatively  easy  to  effect,  and  when  properly  performed 
always  yields  very  reliable  results.  The  preparation  of  the  pure,  anhydrous 
chlorides,  however,  is  a  difficult  task,  so  that  this  method  has  unfortunately 
been  greatly  neglected ;  ^  analysis  of  the  bromides,  which  should  give  equally 
good  results,  have  not  yet  been  attempted. 

(h)  The  determination  of  the  ratio  XgOg :  2XCI3  may  be  effected  by 
dissolving  the  oxide,  contained  in  a  quartz  flask,  in  hydrochloric  acid, 
evaporating  to  dryness  in  a  stream  of  hydrogen  chloride,  and  dehydrating 
and  fusing  the  residual  chloride  in  a  current  of  the  same  gas.® 

(iv.)  Other  Methods. — A  number  of  useful,  rapid  volumetric  processes, 
which,  however,  yield  only  approximate  results,  have  been  described.®  A 
convenient  procedure  is  to  dissolve  about  0‘1600  gram  of  the  pure  oxide  in 
50  c.c.  of  standard  sulphuric  acid  (approximately  seminormal),  add  about 
8  c.c.  of  N/5  potassium  oxalate,  and  heat  to  the  boiling-point;  cool  and 
titrate  the  excess  of  sulphuric  acid  with  sodium  hydroxide,  using  phenol- 
phthalein  as  indicator. 

Experimental  Results. — The  experimental  results  which  seem  to  be 
the  most  reliable  are  contained  in  the  accompanying  table,  to  which  a  fairly 
complete  bibliography  is  appended.  So  far  as  the  atomic  weights  are  con¬ 
cerned,  many  of  the  papers  referred  to  in  the  bibhography  have  only  an 
historical  interest. 


^  It  is  diflBcult  to  effect  this  determination  without  a  trace  of  oxide  being  mechanically 
carried  away  by  escaping  gases. 

2  Stolba,  Ber.  bbhm.  Ges.  Wiss.,  1878 ;  Jahresher.,  1878,  p.  1059  ;  1879,  p.  1044  ;  1882, 
p.  1286  ;  Gibbs,  Proc.  Amer.  Acad.,  1893,  28,  261  ;  Amer.  Chem.  J.,  1893,  15,  546  ; 
Brauner,  Ghem.  News,  1895,  71,  233  ;  Brainier  and  PavliCek,  loc.  cit. ;  Brauner  and  Batek, 
Zeilsch.  anorg.  Ghem.,  1903,  34,  103  ;  Brauner,  ibid.,  1903,  34,  207  ;  Browning,  Amer.  J. 
Sai.,  1899,  [iv.],  8,  451  ;  Drushel,  ibid.,  1907,  [iv.],  24,  197. 

®  Baxter  and  Griffin,  J,  Amer.  Chem.  Soc.,  1906,  28,  1684  :  Baxter  and  Daudt,  ibid., 
1908,  30,  563. 

^  For  determinations  by  this  method,  see  Robinson,  Proc.  Roy.  Soc.,  1884,  37,  150; 
Ghem.  News,  1884,  50,  251  ;  Baxter  and  Chapin,  J.  Amer.  Ghem.  Soc.,  1911,  33,  1  ;  Baxter 
and  Stewart,  ibid.,  1915,  37,  516. 

®  Egan  and  Balke,  J.  Amer.  Ghem.  Soc.,  1913,  35,  365. 

®  See  Kriiss  and  Loose,  Zeitsch.  anorg.  Chem.,  1893,  4,  161  ;  Wild,  ibid.,  1904,  38,  191  ; 
Feitand  Przibylla,  ibid.,  1905,  43,  202  ;  1906,  50,  249  ;  Holden  and  James,  J.  Amer.  Chem. 
Soc.,  1914,  36,  638. 
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Date. 

Authority. 

Ratio  Measured. 

Atomic 

Weight. 

Inter¬ 

national 

Value 

(1916). 

1884 

Robinson 

Cerium.® 

CeClg :  3Ag 

140-14* 

140-25 

1885 

Brauner 

CeaCSOJa :  2Ce02 

140-22* 

1897 

W  yrouboll' and  Verneuil 

Ce2(S04)3.8Hs0  :  Ce2(S04)3 :  2Ce02 
^62(804)3 ;  2Ce02 

139-35 

1903 

Brauner  and  BatSk 

140-30* 

1903 

Brauner 

Ce2(S04)3.8H20  :  2Ce02 

140-26* 

... 

1906 

Urbain  and  Demenitroux 

Dysprosium.^ 

Dy 2(804)3. 8H2O  :  Dy203 

162-55 

162-6 

1908 

Hofmann  and  Burger 

Erbium. ■* 

Ei'aOa  :  Er2(804)3 

167-40 

167-7 

1910 

Hofmann 

^^2^*3  •  ®^2(®C)4)3 

167-68 

1904 

Urbain  and  Lacombe 

Europium.® 

Eu2(804)3.8H20  :  Eu2(8C4)3  :  EU2O3 

161-98 

162-0 

1908 

Jantsch 

Eu2(S04)3.8H20  ;EU203 

152-05 

1  With  one  or  two  exceptions,  the  results  given  in  the  accompanying  table  have  been  com- 
])uted  from  the  data  given  in  Clarke,  A  Reecdmlation  of  the  Atomic  Weights  (“  Smithsonian 
Miscellaneous  Collections,”  vol.  54,  No.  3,  1910),  using  the  following  antecedent  data  : — 

0  =  16-000;  S  =  32*065;  H  =  l-00762  ;  Ag=107-880  ;  Cl  =  35-457  ;  C  =  12  003. 

In  the  few  cases  indicated  by  asterisks  the  weights  have  been  reduced  to  vacuum 
standard  in  calculating  the  results. 

2  The  earlier  experimenters  never  freed  their  ceria  completely  from  ‘  ‘  didymia.” 

®  Dysprosia  was  not  isolated  till  1906. 

^  Pure  erbia  has  not  yet  been  prepared. 

®  Europia  was  not  isolated  in  the  pure  state  till  1904. 


Cerium. — Beringer,  Annalen,  1842,  42,  134  ;  Hermann,  J.  prakt,  (Them.,  1843,  30,  185  ; 
Marignac,  Arch.  Sci.  phys.  nat.,  1848,  [L],  8,  273  ;  Kjerulf,  Annalen,  1853,  87, 12  ;  Bunsen 
and  Jegel,  ibid.,  1868,  105,  45  ;  Eammelsberg,  Pogg.  Annalen,  1859,  108,  44 ;  Wolf,  Amer. 
J.  S'ci.,  1868,  [ii.],  46,  63  ;  Wing,  ibid.,  1870,  [ii.],  49,  358  ;  Biihrig,  J.  prakt.  Ghem.,  1875, 
120,  222  ;  Robinson,  Proc.  Boy.  Soe.,  1884,  37,  150 ;  Ghem.  News,  1884,  50,  251  ;  1886,  54, 
229;  Brauner,  Trans.  Ghem.  Soe.,  1885,  47,  879;  Schiitzenberger,  Gompt.  rend.,  1895,  120, 
663,  962,  1143  ;  Brauner,  Ghem.  News,  1895,  71,  283  ;  Wyrouboffand  Verneuil,  Bull.  Soe. 
chim.,  1897,  [iii.],  VJ,  679  ;  Gompt.  rend.,  1897,  124,  1300;  Ann,  Ghim.  Phys.,  1907, 
[viii.],  9,  349  ;  Kblle,  Inaugural  Dissertcdion  (Zurich,  1898) ;  Brauner  and  BatSk,  Zeitseh. 
anorg.  Ghem.,  1903,  34,  103  ;  Brauner,  ibid.,  1903,  34,  207. 

Dysprosium. — Urbain  and  Demenitroux,  Gompt,  rend.,  1906,  143,  598. 

Erbium. — Cleve,  K.  Svenska  Vet.-Akad,  Sandl,,  1880,  No.  7 ;  Gompt,  rend.,  1880,  91, 
381;  Brill,  Zeitseh.  anorg.  Ghem.,  1905,  47,  464  ;  Hofmann  and  Burger,  Ber.,  1908,  41, 
308  ;  Hofmann,  Ber.,  1910,  43,  2635. 

Europium.— Urbain  and  Lacombe,  Gompt.  rend.,  1904,  138,  627  ;  Urbain,  J.  Ghim. 
phys.,  1906,  4,  118 ;  Jantsch,  Gompt.  rend.,  1908,  146,  473  ;  cf.  Demarjay,  fSwf.,  1900,  130, 
1469  ;  1901,  132,  1484. 
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ATOMIC  WEIGHTS  OF  THE  RARE  EARTH  ELEMENTS-co?i<Mwet«. 


Date. 

Authority. 

Ratio  Measured. 

Atomic 

Weight. 

Inter¬ 

national 

Value 

(1916). 

1905 

Urbain 

Gadolinium.! 

Gd2(S04)3.8H20 :  Gd.A 

157-24 

157-3 

1911 

Holmberg 

Holmium.^ 

HoA :  Ho, (804)3 

163-45 

163-5 

1902 

Jones 

LA.NT1IANUM. 

138-73* 

139-0 

1902 

Brauner  and  Pavlicek 

La2^3  •  La2(  504)3 

139-05* 

... 

1903 

Jones 

•  3O2O3 

Ija203  I  ^8(2(504)3 

139-08* 

138-76* 

... 

1907-8 

Li 

Urbain 

JTECIUM  (or  cassiopeium).^ 
Lu.,(S04)3.8H20  :  LU2O3 

174 

175-0 

1913 

Auer  von  Welsbach 

Lu2(S04)3.8H20  :  L112O3 

175-00 

... 

1903 

Auer  von  Welsbach 

Neodymium. 

NdA  :  Nd2(S04)3 

144-55 

144-3 

1907 

Holmberg 

Hd203  ;  Nd2(S04)3 

144-10 

1911 

Baxter  and  Chapin  ^ 

NdCls :  3AgCl 

144-27* 

NdClg :  3Ag 

144-27* 

1  Earlier  determinations  are  most  probably  affected  by  presence  of  europia  in  the  gadoliuia 
used. 

2  Holmia  was  not  isolated  until  1911. 

®  It  is  doubtful  whether  pure  lutecia  has  yet  been  obtained. 

'‘New  analyses  of  NdClg  by  Baxter,  Whitcomb,  Stewart,  and  Chapin  confirm  the 
results  of  Baxter  and  Chapin  {J.  Amer.  Chem.  Soc.,  1916,  38,  302). 


Gadolinium. — Marignac,  Ann.  Chim.  Phys.,  1880,  [v.],  20,  535  ;  Lecoq  de  Boisbaudran, 
Compt.  rend.,  1890,  iii,  409  ;  Bettendorf,  Annalen,  1892,  270,  376  ;  Benedicks, 
anorg.  Chem.,  1900,  22,  393  ;  Marc,  ihid.,  1904,  38,  128  ;  Demar9ay,  Compt.  rend.,  1900, 
131,  343  ;  Urbain,  ibid.,  1905,  140,  583  ;  J.  Chim.  phys.,  1906,  4,  326. 

Holmium. — Holmberg,  ArJciv  Kem.  Min.  GeoL,  1911,  4,  No.  2;  Zeitsch.  anorg.  Chem., 
1912,  71,  226. 

Lanthanum. — Mosander,  Pogg.  Annalen,  1843,  60,  297  ;  Rammelsberg,  ibid.,  1842,  55, 
65;  Marignac,  Arch.  Sci.  phys.  not.,  1849,  ii,  21;  Ann.  Chim.  Phys.,  1849,  [iii.],  27, 
209  ;  Holzmann,  J.prakt.  Chem.,  1868,  75,  343  ;  Czudnowicz,  ibid.,  1860,  80,  31  ;  Hermann, 
ibid.,  1861,  82,  395;  Zsohiesche,  ibid.,  1868,  104,  174  ;  Erk,  Jenaische  Zeitsch.,  1871,  6, 
306  ;  Marignac,  Arch.  Sci.  phys.  nat.,  1873,  46,  215  ;  Ann.  Chim.  Phys.,  1873,  [iv.],  30, 
68  ;  G\e.Y&,  Bihang  K.  Svrnska  Vet.-Akad.  Handl.,  1874,  2,  No.  7  ;  Bull.  Soc.  chim.,  1874, 
[ii.],  21,  196  ;  1883,  [ii.],  39,  161;  Brauner,  Monaish.,  1882,  3,  1,  486  ;  Trans.  Chem.  Soc., 
1882,  41,  68  ;  Ber.,  1891,  24,  1328,  Bettendorf,  Annalen,  1890,  256,  159  ;  Gibbs,  Proc. 
Amer.  Acad.,  1893,  18,  260;  Schiitzenberger,  Compt.  rend.,  1895,  120,  1143;  Bodman, 
Bihang  K.  Svenska  Vet.-Akad.  Handl.,  1901,  26,  II.,  No.  3  ;  Brauner  and  Pavlicek,  Trans. 
Chem.  Soc.,  1902,  81,  1243  ;  Brauner,  Zeitsch.  anorg.  Chem.,  1903,  33,  317;  Jones,  Amer. 
Chem.  J.,  1902,  28,  23;  Zeitsch.  anorg.  Chem.,  1903,  36,  92;  Brill,  ibid.,  1905,47,  464; 
Feit  and  Przibylla,  ibid.,  1905,  43,  213  ;  1906,  50,  248. 

Lutecium. — Urbain,  Compt.  rend.,  1907,  145,  759  ;  1908,  146,  406;  Auer  von  Weis* 
bach,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1907,  I16,  II.  B,  1425  ;  Mo^iatsh.,  1908,  29, 
181  ;  1913,  34,  1713. 

Neodymium. — Auer  von  Welsbach,  Monatsh.,  1885,  6,  477  ;  Sitzungsber.  K.  Akad. 


THE  BARE  EARTH  ELEMENTS.  245 


ATOMIC  WEIGHTS  OF  THE  RARE  EARTH  ELEMENTS  — continued. 


Date. 

Authority. 

Ratio  Measured. 

Atomic 

Weight. 

Inter¬ 

national 

Value 

(1916). 

Pkaseodymium. 

1898 

Jones 

^^203  :  Pr2(S04)3 

140-47 

140-9 

1898 

von  Scheele 

Pr.203  :  Pr2(S04)3 

140-54 

1901 

Brauner 

Pi'aOa  :  Pr2(S04)3 

140-97* 

Pi'2G3  :  3C2b3 

140-95* 

1903 

Auer  von  Welsbach 

PiaOa :  l>r.2(S04l3 

140-67 

1915 

Baxter  and  Stewart 

PrCls  :3AgCl 

140-93* 

l>rCl3  :  3Ag 

140-92* 

Samakium.i 

1904 

Urbain  and  Lacombe 

Sm2(S04)38H20  :  Sm2(S04)3  :  801203 

150-46 

150-4 

Terbium.^ 

1906 

Urbain 

Tb2(S04)38  H20 :  Tb2(S04)3 

159-20 

159-2 

Thulium.^ 

1880 

Cleve 

? 

170-7 

168-5 

1905 

Urbain 

? 

<168-5 

... 

Ytteebium  (neoytterbium  or  aldebaranium.). 

1913 

Auer  von  Welsbach 

Yb2(S04)3.8H20:Yb203 

173-0 

173-5 

1914 

Blumenfeld  and  Urbain 

Yb2(S04)3.8H20  :  Yb^Oa 

173-54 

... 

1  Samaria  was  not  obtained  free  from  neodymia  and  europia  until  1900. 
^  Terbia  was  not  isolated  until  1906. 

®  A  reliable  determination  is  still  wanted. 


TVus.  Wien,  1903,  ii2,  II.  B,  1037  ;  Brauner,  Proc.  Chem.  Soc.,  1898,  14,  72;  1901,  17 
66  ;  Abegg’s  Handhuch,  vol.  3,  part  1,  p.  276  ;  Boudouani,  Compt.  rend.,  1898,  126,  900; 
Jones,  Amer.  Chem.  J.,  1898,20,  345;  Zeitsch.  anorg.  Chem.,  1899,  19,  329;  Brill,  ibid., 
1905,  47,  464  ;  Holmberg,  ibid.,  1907,  53,  124  ;  Feit  and  Przibylla,  ibid.,  1906,  50,  259; 
Baxter  and  Chapin,  J.  Amer.  Chem.  Soc.^  1911,  33,  1. 

Praseodymium. — Auer  von  Welsbach,  Zoc.  c^■^.  ;  Brauner,  Proc.  Chem.  Soc.,  1898,  14 
70;  1901,  17,  65  ;  Abegg’s  Ha'ndbuch,  vol.  3,  part  1,  p.  263  ;  Jones,  Amer.  Chem.  J.,  1898 
20,  345  ;  von  Scheele,  Zeitsch.  anorg.  Chem.,  1898,  17,  310  ;  Feit  and  Przibylla,  ibid.,  1906 
50,  258  ;  Baxter  and  Stewart,  J.  Amer.  Chem.  Soc.,  1915,  37,  516. 

Samarium. — Marignac,  Jlrc/t.  Sd.  phys.  nat.,  1880,  [iii.j,  3,  435  ;  Ann.  Chim.  Phys, 
1880,  [v  ],  20,  535;  Brauner,  Trans.  Chem.  Soc.,  1883,  43,  278;  Cleve,  ibid.,  1883,  43, 
362;  Bettendorf,  Annalen,  1891,  263,  164  ;  Lecoqde  Boisbaudran,  Compt.  rend.,  1892,  114, 
575  ;  Demar5ay,  ibid.,  1896,  122,  728  ;  1900,  130,  1019,  1185,  1469  ;  1901,  132,  1484  ; 
Mutbmann  and  Weiss,  Annalen,  1904,  331,  16  ;  Urbain  and  Lacombe,  Compt.  rend.,  1904, 
138,  1166  ;  Urbain,  J.  Chim.  phys.,  1906,  4, “120  ;  Matignon,  Compt.  rend.,  1906,  141,  1230  ; 
Feit  and  Przibylla,  Zeitsch.  anorg.  Chem.,  1906,  50,  259. 

Terbium. — Urbain,  Compt.  rend.,  1906,  142,  957  ;  cf.  Feit,  Zeitsch.  anorg.  Chem., 
1905,  43,  280  ;  Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  102,  395,  483  ;  1890,  iii, 
474  ;  Potratz,  Chem.  News,  1905,  92,  3. 

Thulium. — Cleve,  Compt.  rend.,  1880,  91,  329  ;  Urbain,  ibid.,  1907,  I45>  759. 
Ytterbium  (neoytterbium). — Blumenfeld  and  Urbain.  Compt.  rend.,  1914,  159,  323. 
See  also  the  references  given  under  lutecium.  For  the  ‘  ‘  atomic  weight  ”  of  old  ‘  ‘  ytterbium,” 
see  Nilson,  Compt.  rend.,  1880,  91,  56  ;  Astrid  Cleve,  Zeitsch.  anorg.  Chem.,  1902,  32,  129  ; 
Brill,  ibid.,  1905,  47,  464  ;  Brauner,  Abegg’s  Handbuch,  vol.  3,  part  1,  p.  335  ;  G.  and  E. 
Urbain,  Compt.  rend.,  1901,  132,  136;  Feit  and  Przibylla,  Zeitsch.  anorg.  Chem.,  1906, 

50,  261. 
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ATOMIC  WEIGHTS  OF  THE  RARE  EARTH  ELEMENTS-con«inz4«^. 


Date. 

Authority. 

Ratio  Measured. 

Atomic 

Weight. 

Inter¬ 

national 

Value 

(1916). 

Yttrium. 

1882 

Cleve 

Y2O3 :  Y3(S0,)3 

89T2 

88-7 

1895 

Jones 

Y3O3  :  Y3(S04)3 

88-97 

... 

1913 

R.  J.  Meyer 

YA:Y2(S04)3  1 

88-70 

Wuorinen  and  Weinheber 

:  Y2O3  / 

1913 

Egan  and  Balke 

Y3O3  :  2YCI3 

90-101 

... 

1  Preliminary  results,  and  admittedly  a  little  high. 


Yttrium. — Berlin,  Forhandl.  Skand.  Nat.  Kjoh.,  1860,  p.  452;  Popp,  Annalen,  1864, 
131,  179  ;  Delafontaine,  ibid.,  1865,  134,  108  ;  Arch.  Sci.  phys.  not.,  1866,  [ii.],  25,  119  ; 
Bahr  and  Bunsen,  Annalen,  1866,  137,  1 ;  Cleve  and  Hoglund,  Bihang  K.  Svenska  Vet.- 
Akad.  Handl.,  1873,  No.  8  ;  Cleve,  ibid.,  1882,  No.  9  ;  Bull.  Soe.  chim.,  1883,  [ii.],  39, 
120,  287  ;  Oompt.  rend.,  1882,  95,  1225  ;  Jones,  Amer.  Chem.  J.,  1895,  14,  154  ;  Chem. 
News,  1895,  71,  305  ;  Muthmann  and  Bohm,  Ber.,  1900,  33,  42  ;  G.  and  E.  Urbain,  loc.  cit. ; 
Brill,  loc.  cit.  ;  Feit  and  Przibylla,  Zeitsch.  anorg.  Chem.,  1906,  50>  262 ;  R.  J.  Meyer  and 
Wuorinen,  ibid.,  1913,  80,  7  ;  R.  J.  Meyer  and  Weinheber,  Ber.,  1913,  46,  2672  ;  Egan 
and  Balke,  J.  Amer,  Chem.  Soe.,  1613,  35,  365. 

It  is  difficult  to  form  any  precise  estimates  of  the  possible  errors  attaching 
to  the  atomic  weight  values  chosen  for  the  rare  earth  elements  by  the 
international  committee.  It  is  possible  that  the  values  ascribed  to  cerium, 
praseodymuim,  neodymium,  dysprosium,  europium,  gadolinium,  terbium, 
samarium,  yttrium,  and  ytterbium  do  not  err  by  more  than  one-  or  two-tenths 
of  a  unit  from  the  correct  values,  and  that  in  three  or  four  cases  the  error 
does  not  exceed  one  or  two  units  in  the  second  decimal ;  it  is  possibly 
premature  to  express  the  value  for  cerium  to  two  places  of  decimals.  In  the 
case  of  lanthanum  there  is  a  discrepancy  of  nearly  three-tenths  of  a  unit 
between  the  values  of  Jones  (138'73)  and  Brauner  (193'05),  and  the  evidence 
in  favour  of  the  lower  value  is  at  least  as  convincing  as  that  for  the  higher. 
Considerable  uncertainty  also  attaches  to  the  values  for  erbium,  thulium, 
and  lutecium,  while  additional  determinations  are  required  to  check  the  value 
ascribed  to  holmium.  No  values  have  yet  been  published  for  the  atomic 
weight  of  celtium.^ 

Classification  of  the  Rare  Earth  Elements. — In  dealing  with  this 
subject  it  is  convenient  to  commence  by  a  discussion  of  how  the  elements 
of  the  rare  earths  fall  into  line  with  the  most  popular  of  the  classifica¬ 
tions  of  the  elements,  namely,  the  Periodic  Classification  as  arranged  by 
Mendel^eff. 


^  The  most  satisfactory  determinations  recorded  in  the  preceding  table  are  un¬ 
doubtedly  the  determinations  of  the  atomic  weights  of  neodymium  and  praseodymium  by 
Baxter  and  his  co-workers.  For  more  complete  discussions  of  the  atomic  weights  of  the 
rare  earth  elements,  the  reader  is  referred  to  Clarke,  A  Recalculation  of  the  Atomic  Weights 
(“Smithsonian  Miscellaneous  Collections,”  vol.  54,  No.  3,  1910) ;  Urbain,  Bull.  Soe.  chim., 
1909,  [iv.],  5,  133;  and  the  various  articles  by  Brauner  in  Abegg,  Handbuch  der  anor- 
yanischen  Chemie,  vol.  3,  pt.  1,  1906. 
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Let  it  first  be  supposed,  then,  that  the  Periodic  Table  as  usually  drawn 
up  ^  is  correct.  Then,  since  it  must  presumably  be  supposed  that  the  eighth 
horizontal  row  contains  three  transition-elements  in  the  Group  VIII.  space, 
there  are  twenty  vacant  spaces  between  barium  and  tantalum,  waiting  to  be 
filled  by  one  inert  gas  and  nineteen  other  elements.  For  these  vacancies  the 
atomic  weight  range  is  such  that  it  includes  the  atomic  weights  of  the  rare 
earth  elements,  yttrium  being  excepted.^  The  rare  earth  elements  must 
therefore  be  placed  in  these  vacancies,  for,  on  the  one  hand,  no  other  places 
are  available,  and,  on  the  other,  if  other  places  were  available,  those  in 
question  would  still  have  to  be  filled,  and  it  is  difficult  to  believe  that 
nineteen  metals  of  suitable  atomic  weights  still  await  discovery. 

It  requires,  however,  but  a  slight  knowledge  of  the  chemical  and  physical 
properties  of  the  rare  earth  elements  to  realise  that  when  these  elements  are 
placed  in  position  in  the  table  as  indicated  above,  it  can  no  longer  be  said 
that  the  properties  of  the  elements  are  periodic  functions  of  their  atomic 
weights,  i.e.  the  Periodic  Law  breaks  down.  Such  being  the  case,  it  seems 
hardly  worth  while  to  attempt  any  detailed  discussion  of  the  precise  places 
the  rare  earth  elements  must  occupy  in  the  table,  and  therefore  only  a  few 
words  will  be  said  upon  the  subject.  The  best  arrangement  appears  to  be 
the  following  : —  ^ 


I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

VII. 

Cd 

In 

Sn 

Sb 

Te 

I 

VIII. 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

- 

IX. 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

X. 

Tm 

Yb 

Lu 

Ct 

Ta 

W 

- 

Os,  Ir,  Pt 

This  arrangement  is  in  harmony  with  Moseley’s  work  on  the  high  frequency 
spectra  of  the  elements,  according  to  which  the  sequence  of  atomic  numbers  is 
as  follows  : —  ^ 


Ba,  La,  Ce,  Pr,  Nd,  -,  Sm,  Eu,  Gd,  Dy,  -,  Er,  -,  -,  Ta, 

the  blanks  denoting  missing  elements.®  It  also  agrees  with  the  observations  of 
Hicks,®  (i.)  that  the  line  spectra  of  Cd,  Eu,  and  Hg  exhibit  triplet  series  of  the 
sharp  and  diffuse  type,  the  triplet  intervals  being  approximately  proportional  to 
the  squares  of  the  atomic  weights,  (ii.)  that  Gd  exhibits  doublet  series  similar  to 


1  See  Frontispiece. 

®  It  has  been  already  pointed  out  that  yttrium  may  readily  be  found  a  place  in  the  table ; 
see  p.  238. 

^  Rydberg,  Lunds  Univ.  Arsskrift,  N.F.,  Afd.  2,  1913,  9,  No.  18 ;  J.  Chim. phys.,  1914, 
12,  585  ;  Rev.  gen.  sci.,  1914,  25,  734  ;  Phil.  Mag.,  1914,  [vi.],  28,  144  ;  Hicks,  Phil.  Mag,, 
1914,  [vi.],  28,  139.  This  arrangement  differs  considerably  from  that  given  by  Brauner, 
Zeitseh.  Elehtroehem.,  1908,  14,  525.  Rydberg,  however,  prefers  to  reject_  Mendel6eff’s 
arrangement  and  adopt  an  ingenious  table  in  which  the  elements  are  arranged  in  four  series, 
containing  respectively  4,  16,  36,  and  64  elements  (4p2,  where  p  =  'i.,  2,  3,  and  4).  His 
table  is  reproduced  in  Hicks’s  paper. 

^  Moseley,  Phil.  Mag.,  1914,  [vi.],  27,  703  ;  see  also  pp.  312,  363,  and  Vol.  I. 
Chap.  VIII.  .  .  .  .  ,  , 

®  I.e.  elements  Moseley  did  not  examine.  Moseley  also  writes  Ho  in  mistake  for  Dy. 

«  Hicks,  Phil.  Trans.,  1912,  A,  212,  58. 
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those  of  Al,  Ga,  and  Ti,  and  (iii.)  that  Sc,  Y,  La,  and  Yb  ^  also  show  doublet  series.  I 

It  cannot,  however,  be  reconciled  with  the  other  physical  and  the  chemical  fl 

properties  of  the  elements,  but  this  applies  to  every  other  similar  arrangement.  fj 

It  should  be  pointed  out  that  the  arrangement  given  assumes  that  terbium  and  ar 

thulium  are  true  elements,  points  that  have  been  disputed,  and  that  Marignac  s  j; 

“  ytterbium  ”  is  composed  of  three  elements,  ytterbium,  lutecium,  and  celtium.^  I; 

Moreover,  it  is  necessary  to  assume  that  Series  VIII.  contains  no  transition-  i|; 

elements,  and  that  an  unknown  rare  earth  element  exists,  the  atomic  weight  of  |  ■ 

which  lies  between  the  values  for  neodymium  and  samarium.  i 

So  far  it  has  been  assumed  that  Mendel4eff’s  arrangement  into  groups  and  ! 

series  is  corrcvct,  and  it  is  evident  that  the  assumption  is  by  no  means  satisfac-  - 

tory,  since  of  the  rare  earth  elements  only  yttrium,  lanthanum,  and  cerium  can 
be  readily  fitted  into  the  scheme.  It  is  not  surprising,  therefore,  that  attempts  | 

have  been  made  to  improve  matters  by  suitably  modifying  Mendeleeff  s  arrange-  ^ 

ment.  Those  attempts  which  alter  that  arrangement  least  are  based  on  the  i 

assumption  that  all  but  one  or  two  of  the  rare  earth  elements  may  be  placed  ! 

en  bloc  in  a  single  place  in  the  table.®  The  arrangement  proposed  by  Benedicks, 
for  instance,  is  as  follows  : — 


0. 

I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

VIII. 

Xe 

Cs 

Ba 

La 

Ce,  Pr,  Nd,  Sm,  En,  Gd,  etc. 

Ta 

w 

- 

Os,  Ir,  Pt 

and  has  the  obvious  disadvantage  of  including  most  of  the  rare  earth  elements  ( 

in  Group  IV.  instead  of  in  Group  III.  as  their  valency  indicates.  On  the  other  ^ 

hand,  to  group  all  the  rare  earth  elements  except  cerium  in  the  Group  III. 
position  is  to  depart  from  the  atomic  weight  sequence.  Brauner’s  1902  proposal 
was  expressed  in  terms  of  an  hypothesis  the  precise  meaning  of  which  is  not 
very  clear ;  indeed,  it  has  been  said  that  it  “  belongs  to  the  realm  of  pure 
fantasy.”  ^  Stripped  of  its  hypothetical  garb,  however,  the  proposal  is  identical 
with  that  advocated  by  Benedicks. 

At  the  time  when  they  were  published,  the  preceding  proposals  could  only 
be  viewed  as  makeshifts,  similar  to  the  arrangements  of  the  transition- 
elements  in  sets  of  three  in  Group  VIII.  Essentially  the  same  idea,  viz.,  that 
the  rare  earth  elements  form  a  transition  group,  is  expressed  in  the  arrange¬ 
ments  of  Steele  and  Werner,  although  these  chemists  modify  the  nature  of 
Mendeleeff’s  table  considerably.®  Modern  work  on  the  radio-elements,  how¬ 
ever,  has  shown  that  it  is  often  necessary  to  assume  that  several  elements 
occupy  one  and  the  same  place  in  the  Periodic  Table,  an  assumption  analogous 
to  the  preceding.  However,  theoretical  views  concerning  the  structure  of  the 
atom  indicate  that  this  only  arises  when  several  elements  possess  the  same 
“atomic  number,”^  and  the  view  that  the  rare  earth  elements  have  the  same  > 


^  Old  ytterbium  (Yb,  Lu,  and  Ct)  (?). 

2  These  questions  are  discussed  later  (pp.  358-365). 

®  Brauner,  C/iem.  Zenir.,  1900,  ii.  524  ;  J.  Euss.  Phys.  Chem.  Soc.,  1902,  34,  142; 
Zeitsch.  anorg.  Ohem.,  1902,  32,  1  ;  Benedicks,  ibid.,  1904,  39,  41  ;  H.  Biltz,  Ber.,  1902, 
35.  562 ;  R.  J.  Meyer,  Natanoissenschaften,  1914,  2,  781.  See  also  Retgers,  Zeitsch. 
pJiysikal.  Chem.,  1895,  16,  651. 

‘‘  Wyrouboff  and  Verneuil,  Ann.  Chim.  Phys.,  1906,  [vi.],  6,  466. 

®  Steele,  Chem.  News,  1901,  84,  245;  Werner,  Ber.,  1905,  38,  914;  New  Ideas  on 
Inorganic  Chemistry,  trans.  by  Hedley  (Longman  &  Co.,  1911). 

•*  See  Vol.  I.  Chap.  VIII. 
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“  atomic  number  cannot  be  reconciled  with  Moseley’s  observations  on  high 
frequency  spectra.^ 

So  far,  then,  as  a  comprehensive  classification,  including  all  the  known 
elements,  is  concerned,  the  rare  earth  metals  offer  formidable  difficulties. 
The  problem  of  the  interclassifi cation  of  the  rare  earth  elements  is  not  in 
a  much  better  position,  judged  from  the  purely  scientific  standpoint. 

The  early  division  into  cerite  and  gadoliuite  earths,  based  upon  their 
mode  of  occurrence,  dates  from  the  time  when  but  six  of  these  earths  were 
recognised.  It  divided  the  rare  earth  elements  into  two  groups,  the  metals 
of  the  cerium  and  yttrium  groups  respectively.  The  subsequent  discovery 
of  the  remai’kable  complexity  of  three  of  these  earths  was  also  associated 
with  the  observation  that  the  properties  which  distinguished  the  cerite  and 
gadolinite  earths  failed  to  effect  a  sharp  division  into  two  groups,  and  an 
intermediate  group  of  terhia  earths  was  recognised,  particularly  by  Marignac 
and  Lecoq  de  Boisbaudran.  The  importance  of  this  groirp,  however,  as  Urbain 
has  remarked,^  was  little  appreciated  for  a  considerable  number  of  years,  an 
error  that  contributed  appreciably  to  the  remarkable  confusion  into  which  the 
chemistry  of  the  rare  earths  was  thrown  throughout  the  period  1878  to  1900. 

With  the  recognition  of  the  terbia  earths  as  an  intermediate  group,  it  is 
possible  to  divide  the  rare  earth  elements  into  three  groups,  as  follows  :■ — • 


Cerium  Group. 
Lanthanum 
Cerium 

Praseodymium 

Neodymium 

Samarium 


Terbium  Group. 
Europium 
Gadolinium 
Terbium 


Yttrium  Group. 
Dysprosium 
Holmium 
Yttrium 
Erbium 
Thulium 
Ytterbium 
Lutecium 
Celtium 


The  yttrium  group  is  sometimes  divided  into  parts,  the  yttrium  group 
proper  (Y,  Yb,  Lu,  Ct)  and  the  erbium  group  (Dy,  Ho,  Tm,  Er). 

The  following  differences  may  be  noticed  between  the  properties  of  the 
compounds  of  these  three  groups  : — 

(i.)  The  platinocyanides  of  the  cerium  and  terbium  groups  are  similar  in 
composition,  but  differ  in  crystalline  form,  colour,  and  degree  of  hydration 
from  those  of  the  yttrium  group  (p.  272). 

(ii.)  The  double  compounds  M(CNS)3.3Hg(CN)2.12H20  are  monoclinic  in 
the  cerium,  and  triclinic  in  the  yttrium  group  (p.  272). 

(iii.)  The  silicotungstates  of  the  formula  M^(W., 2^10^3)3.811120  and  the 
acid  silicotungstates  of  the  formula  MH(Wj2Si043).18H20  are  missing  in  the 
yttrium  group,  while  the  acid  salts  of  the  formula  2MH(Wj2Si04Q),49H20  are 
missing  in  the  cerium  group  (p.  266). 

(iv.)  The  nitrates  of  the  metals  of  the  cerium  and  terbium  groups  form 
double  nitrates  with  the  nitrates  of  uni-  and  bi-valent  metals,  but  the 
nitrates  of  the  metals  of  the  yttrium  group  do  not  (p.  269). 

Other  double  compounds  of  the  nitrates  may  be  also  divided  into  groups. 


Suggested  by  van  den  Broek,  Phil.  Mag,,  1914,  [vi.],  27,  455. 

®  The  position  of  the  rare  earth  elements  in  the  Periodic  Table  is  also  discussed  by 
Rudorf  {Zeitsah.  anorg.  Chem.,  1903,  37,  177) ;  and  by  Harkins  and  Hall  {J.  Amer.  Gheni. 
Soc.,  1916,  38,  169). 

®  Urbain,  Ann.  Chim,  Phys,,  1900,  [vii.  ],  19,  184. 


250 


ALUMINIUM  AND  ITS  CONGENEES. 


Thus  the  compounds  with  antipyrine  appear  to  be  of  the  type  M(]S’03)3. 
3C^jHj^20^2  cerium  and  M(]Sr03)3.4C]^iHj20N'2  in  the  yttrium  group.^ 

(v.)  The  double  sulphates  of  potassium  and  the  metals  of  the  cerium 
group  are  insoluble  in  a  cold,  saturated  solution  of  potassium  sulphate ;  in 
the  case  of  the  terbium  group  they  are  sparingly  soluble,  and  in  the  case  of 
the  yttrium  group  readily  soluble  (p.  261). 

(vi.)  The  double  carbonates  of  the  alkali  metals  and  the  metals  of  the 
cerium  group  are  decomposed  by  water  and  dilute  alkali  carbonates,  but  not 
by  concentrated  alkali  carbonates ;  the  corresponding  double  salts  in  the 
yttrium  group  are  readily  soluble  in  and  not  decomposed  by  dilute  alkali 
carbonates  (p.  271). 

(vii.)  The  oxalates  of  the  metals  of  the  cerium  group  are  only  slightly 
soluble  in  hot,  concentrated  ammonium  oxalate  ;  those  of  the  yttrium  group 
are  more  readily  soluble,  and  double  salts  may  be  crystallised  from  the 
solutions  (p.  271). 

The  preceding  differences  are  not  of  a  very  fundamental  character. 
Moreover,  differences  of  a  similar  character  may  be  pointed  out  which  are 
not  in  accordance  with  the  classification  into  the  cerium,  terbium,  and 
yttrium  groups.  ^ 

In  other  natural  families  of  elements,  e.g,  the  alkali  or  the  alkaline  earth 
metals,  progressive  variation  in  properties  usually  follows  the  order  of 
increasing  atomic  weights.  The  same  statement  cannot  be  so  confidently 
affirmed  in  the  case  of  the  rare  earth  elements,  for  yttrium  is  then  completely 
removed  from  the  elements  which  chemically  it  most  closely  resembles, 
namely,  holmium  and  erbium.  Excluding  yttrium,  however,  it  may  be  stated 
that  the  solubilities  of  corresponding  salts  usually  follow  the  order  of  the 
atomic  weights  of  the  rare  earth  elements  (see  p.  325),  that  the  atomic 
weight  sequence  places  the  terbium  group  between  the  cerium  and  yttrium 
groups,  and  that  the  same  arrangement  brings  samarium  and  europium,  the 
only  two  rare  earth  elements  known  to  form  derivatives  of  the  type  MXg, 
next  to  one  another.  There  are,  however,  several  indications  that  the 
atomic  weight  sequence  is  often  associated  not  with  a  progressive,  but  with 
a  periodic  variation  in  properties ;  see,  for  instance,  the  magnetic  suscepti¬ 
bilities  of  the  oxides  (p.  257),  the  melting-points  of  the  chlorides  (p,  253), 
and  the  molecular  volumes  of  the  ethylsulphates  (p.  279).^ 

COMPOUNDS  OF  THE  BARE  EARTH  ELEMENTS. 

The  great  majority  of  these  compounds  are  salts  derived  from  a  series  of 
basic  sesqui-oxides,  M2O3.  Three  lower  halides  are  known,  viz.  SmCl2,  Sraig, 
and  EuClj,  in  which  the  metals  may  be  bivalent,  but  the  molecular  weights 
of  the  compounds  are  not  known.  Cerium  forms  a  series  of  compounds  in 
which  it  is  quadrivalent ;  presumably  praseodymium  is  also  quadrivalent  in 
the  dioxide  PrOg. 


1  Kolb,  Zeilsch.  anorg.  Chem.,  1913,  83,  143. 

^  See,  e.g.,  the  compositions  of  the  sebacates  and  1:4:  2-bromonitrobenzenesulphonates 
(p.  281). 

®  See  also  Jaeger,  Proc.  K.  Akad.  Wet&nsch.  Amsterdam,  1914,  16,  1095  ;  Rec.  trav. 
chim.,  1914,  33,  342;  R.  J.  Meyer,  Naturwissenschaften,  1914,  2,  781.  A  few  physical 
properties  appear  to  be  anomalous,  e.g.  the  molecular  volume  of  cerous  ethylsulphate  (p.  279) 
and  the  molecular  volumes  of  the  double  nitrates  of  neodymium  and  praseodymium  of  the 
type  3M"(N03)2.2M"'(N03)2,24H20  (p.  270). 
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So  far  as  the  derivatives  of  the  sesqui-oxides  are  concerned,  the  rare  earth 
elements  appear  in  their  chemical  relations  to  be  intermediate  between  the 
alkaline  earth  metals  and  magnesium,  while  also  bearing  some  resemblance 
to  iron,  aluminium,  and  chromium.  The  colours  of  the  salts  are  as  follows  : — 


Lanthanum,  colourless.  Europium,  pale  rose. 

Cerium  (ous),  colourless.  Gadolinium,  colourless. 

Praseodymium,  green.  Terbium,  colourless. 

Neodymium,  red  to  reddish-  Dysprosium,  yellow  to 

violet.  greenish-yellow. 

Samarium,  topaz  yellow.  Holmium,  yellow  to 

orange. 

In  a  general  way  it  may  be  said  that  the  salts  have  the  properties  that 
would  be  anticipated  of  salts  derived  from  fairly  strong  bases.  Of  the 
commoner  salts,  the  fluorides,  iodates,  chromates,  phosphates,  carbonates,  and 
oxalates  are  practically  insoluble  in  water  at  the  ordinary  temperature,  and 
the  sulphates  are  but  sparingly  soluble.^  Corresponding  salts  of  the  rare 
earth  elements  are  frequently  isomorphous ;  numerous  instances  are  cited  in 
the  succeeding  pages. 

It  is  often  found  that  when  corresponding  salts  of  the  rare  earth  elements  are 
arranged  in  order  of  solubility,  the  order  is  identical  with  the  order  of  atomic 
weights  of  the  contained  metals,  with  the  exception  of  yttrium,  which  comes 
between  holmium  and  erbium.  This  matter  is  discussed  more  fully  in  the  next 
chapter  (see  p.  325).  The  order  of  arrangement  La,  Ce,  Pr,  Nd,  Sm,  Eu,  Gd, 
Tb,  Dy,  Ho,  Y,  Er,  Tm,  Tb,  Lu,  Ct  is  sometimes  conveniently  spoken  of  as  the 
serial  order  of  the  rare  earth  elements.  With  reference  to  the  solubilities  of 
the  rare  earth  salts,  it  is  interesting  to  note  that  several  series  of  salts  exhibit 
the  uncommon  property  of  being  less  soluble  in  hot  than  in  cold  water,  e.g. 
the  hydrated  sulphates,  double  sulphates,  and  dimethylphosphates. 

With  regard  to  the  formation  of  double  salts,  the  rare  earth  compounds 
present  several  points  of  interest.  Thus,  numerous  double  nitrates  are 
known,  although  outside  the  field  of  rare  earth  chemistry  such  salts  are 
very  uncommon.  Of  more  interest  are  the  double  salts  containing  two 
different  acid  radicles,  e.g.  lanthanum  oxalochloride,  La2(C204)3.LaCl3.7^H20, 
or  2La(C204)C1.5H20  as  it  is  more  conveniently  written.  In  addition  to 
oxalochlorides,  there  are  known  oxalonitrates,  oxalobromides,  oxalo-iodides, 
oxalosulphates,  nitratosulphates,  M(N02).S04.HoO,  and  chlorocacodylates, 
2M[(CH3)2.  As02]3.MCl3. 1 8H2O. 


Yttrium,  colourless. 
Erbium,  deep  rose. 
Thulium,  green. 
Ytterbium,  colourless. 
Lutecium,  colourless. 


The  Rare  Earth  Elements  and  Hydrogen. 

Hydrides,  MH,. — The  rare  earth  metals  combine  directly  with  hydrogen, 
as  Winkler  and  Matignon  have  shown.^  The  latter  observed  that  the  hydrides 


^  For  measurements  of  the  conductivities  of  rare  earth  salts,  see  Muthmann,  Ber.,  1898, 
31, 1829  ;  Ley,  Zeitsch.  physikal.  Chem.,  1899,  30,  193  ;  Rimbach  and  Schubert,  ibid.,  1909, 
67, 183  ;  Aufrecht,  Inaugural  Dissertation  1904) ;  Jones  and  Reese,  Amer.  Chem.  J., 

1898,  20,  606  ;  Jones  and  Allen,  ibid.,  1896,  18,  321  ;  A.  A.  Noyes  and  J.  Johnston, 
J.  Amer.  Chem.  Soe.,  1909,  31,  987  ;  Holmberg,  Arkiv  Kern.  Min.  Geol.,  1903,  i,  1  ;  Jantsch 
and  Griinkraut,  Zeitsch.  anorg.  Chem.,  1913,  79,  305 ;  A.  Heydweiller,  Zeitsch.  physikal. 
Chem.,  1915,  89,  281.  For  a  selection  of  numerical  results,  see  under  the  headings  of  the 
various  metals. 

2  Winkler,  Ber.,  1891,  24,  873,  1966  (La,  Ce,  Y) ;  Matignon,  Gompt.  rend.,  1900,  131, 
891  (La,  Ce,  Nd,  Pr,  Sm). 
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are  readily  dissociated  by  heat.  Muthmann,  Kraft,  and  Beck  have  prepared 

various  hydrides  by  the  direct  union  of  metal  and  hydrogen  at  220°-270°, 

and  find  that  these  compounds  are  of  the  type  MHg,  except  the  neodymium  | 

compound,  which  is  NdH2.^  The  hydrides  are  brittle,  amorphous  solids,  the  ^ 

cerium  and  lanthanum  compounds  being  bluish-black,  the  neodymium  com-  f 

pound  indigo  blue,  and  the  praseodymium  compound  green  in  colour.  The  | 

atomic  heat  of  hydrogen  in  cerium  and  praseodymium  hydrides  is  2‘1.2  ! 

i 

The  Rare  Earth  Elements  and  the  Fluorine  Group.  j 

Fluorides,  MFg. — The  anhydrous  fluorides  are  produced  by  the  action  j 

of  fluorine  on  the  carbides  (Moissan),  and  by  heating  the  oxides  to  redness  in  ■ 

a  current  of  hydrogen  fluoride.^  Hydrated  fluorides  may  be  prepared  by  ’ 

double  decomposition.  According  to  Hirsch,^  the  best  procedure  consists  in 
adding  concentrated  hydrofluoric  acid  solution  to  a  hot  solution  of  the  chloride 
containing  very  little  free  hydrochloric  acid.  The  precipitated  fluoride  is 
washed  by  decantation,  twice  with  hot  water  and  several  times  with  95 
per  cent,  alcohol,  and  centrifuged  till  practically  free  from  alcohol.  The  j 

anhydrous  fluoride  may  then  be  obtained  by  covering  the  product  with  1 

absolute  alcohol,  evaporating  to  dryness,  and  heating  the  residue  first  at  100°, 
and  finally  at  200°. 

The  precipitated  fluorides  are  practically  insoluble  in  water  and  dilute 
mineral  acids.  In  a  large  excess  of  hot,  concentrated  hydrochloric  acid  they 
are  perceptibly  soluble,  the  fluorides  of  the  cerium  group  being  more  soluble  * 

than  those  of  the  yttrium  group.  In  similar  circumstances  the  fluorides  ; 

of  thorium  and  scandium  are  much  less  soluble.®  ! 

The  fluorides  of  the  rare  earth  elements  crystallise  in  the  cubic  system  j. 

and  are  isomorphous  with  fluorspar,  in  which  mineral  they  frequently  occur  in  < 

traces  (see  pp.  217,  234). 

Chlorides,  MClg. — The  anhydrous  chlorides  maybe  prepared  in  the  pure 
state  by  the  following  methods  ; — 

(i.)  Dehydration  of  the  hydrated  salt,  by  heating  the  latter  to  105°-130° 
in  a  current  of  pure,  dry  hydrogen  chloride  (taking  care  to  avoid  fusion  of 
the  hydrated  salt)  until  no  more  water  is  given  off,  and  then  heating  the 
residual  monoliydrate,  MClg.HgO,  to  180-200°  in  the  stream  of  gas  as  before. 

When  water  ceases  to  be  given  off,  the  temperature  may  be  raised  until  the 
chloride  fuses.® 

(ii.)  Conversion  of  the  oxide  (sulphate  or  oxalate)  into  chloride  by  heating 
it  in  a  current  of  disulphur  dichloride  vapour.'^  The  process  is  started  at 
250°  and  the  temperature  slowly  raised  to  a  point  about  50°  below  the 


1  Muthmann  and  Kraft,  Annalen,  1902,  325,  261  (La,  Ce) ;  Muthmann  and  Beck,  ihid., 

1904,  331,  58  (Nd,  Pr) ;  see  also  Muthmann  and  Baur,  Annalen,  1902,  325,  281  (La,  Ce). 

2  Kellenberger  and  Kraft,  Annalen,  1902,  325,  279.  Temperature  range  not  stated.  1 

®  Van  Haagen  and  E.  F.  Smith,  J.  Amer.  Chem.  Soc.,  1911,  33,  1604  (La,  Ce,  Y).  ; 

^  Hirsch,  J.  Ind.  Eng.  Chem.,  1911,  3,  885. 

®  See  under  Scandium,  p.  207.  , 

•*  Matignon,  Ann.  Ghim.  Fhys.,  1906,  [viii.],  8,  364  (general),  243  (Nd),  386  (Pr),  402 
(Sm),  426  (La),  433  (Y),  440  (“  Yb”) ;  Compt.  rend.,  1901,  133,  289  ;  1905,  140,  1637  (Nd) : 

1902,  134,  427  (Pr),  1308  (Sm,  Y,  “Yb”) ;  Baxter  and  Chapin,  J.  Amer.  Chem.  Soc.,  1911, 

33.  1  (Nd) ;  Baxter  and  Stewart,  ibid.,  1915,  37,  616  (Pr) ;  cf.  Marignac,  Ann.  Chim.  Phys., 

1853,  [iii.],  38,  148 ;  Hermann,  J.  prdkt.  Chem.,  1861,  82,  385. 

^  Not  a  mixture  of  sulphur  chloride  and  chlorine,  since  in  that  case  the  product  always 
contains  oxychloride  that  cannot  be  converted  into  chloride. 
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melting-point  of  the  chloride.  Finally,  the  chloride  is  fused  and  cooled  in  a 
current  of  dry  hydrogen  chloride.^  A  rapid  method  of  preparation,  which  is 
essentially  a  combination  of  methods  (i.)  and  (ii.),  consists  in  evaporating  a 
solution  of  the  chloride  to  dryness  on  the  sand-bath  and  heating  the  solid 
residue  in  a  current  of  dry  hydrogen  chloride  and  disulphur  dichloride. 

(iii.)  Conversion  of  the  oxide  into  chloride  by  heating  it  in  a  stream  of 
carbonyl  chloride  ^  or  a  mixture  of  carbon  monoxide  and  chlorine,^  or  in  a 
stream  of  carbon  tetrachloride  vapour.^ 

(iv.)  Conversion  of  the  oxalate  into  chloride  by  heating  it  carefully  in  a 
stream  of  dry  hydrogen  chloride.®  The  oxide  may  be  similarly  converted  into 
the  chloride  at  a  red  heat,  but  it  is  practically  impossible  to  carry  out  the 
conversion  quantitatively.® 

The  anhydrous  chlorides  are  formed  when  the  metals  are  heated  in 
chlorine  or  hydrogen  chloride,'^  when  the  carbides  are  heated  in  chlorine,®  and 
when  the  sulphides  are  heated  in  chlorine  or  hydrogen  chloride,®  but  these 
processes  are  of  little  value  as  methods  of  preparation,  except,  perhaps,  the 
sulphide  method.  Further,  the  classic  method  of  heating  a  mixture  of  the 
oxide  and  carbon  in  a  stream  of  chlorine  is  of  no  practical  value,  since  the 
chlorides  are  non-volatile  at  a  red  heat. 

The  anhydrous  chlorides  are  solids  which  melt  at  a  red  heat  and  crystallise 
on  cooling.  The  densities  (at  0°)  and  melting-points  are  given  by  Bourion  as 
follows  (melting-point  of  yttrium  chloride  by  Matignon) : — 

LaClg.  CeClg.  PrClg.  NdClg.  SmClg.  GdClg.  TbCIg.  DyClg.  YClg 

Density  3-79  3-92  4-07  4-14  4'27  4-52  4-35  3-67  ... 

M.pt.  °C.  890°  848°  810°  784°  686°  628°  588°  680°  <686° 

YbClg.!®  LuClg.io 
Density  3‘98 
M.pt.  °C.  880°  >916° 

According  to  Matignon,  the  densities  at  18°  are  as  follows  : — 

LaClg.  PrClg.  NdClg.  SmClg.  YClg. 

3-947  4-017  4-195  4-465  2-80 

The  volatility  of  the  chlorides  at  a  red  heat  is  very  slight,  but  the  chlorides 
of  the  yttrium  group  are  distinctly  more  volatile  than  those  of  the  cerium 
group. 


^  Eourion,  Aim.  Ghim.  PJiys.,  1910,  [viii.],  20,  547  ;  2i,  49  (La,  Ce,  Pr.  Nd,  Sa,  Gd, 
Tb,  Dy,  Yb,  Lu) ;  cf.  Matignon  and  Bourion,  Compt.  rend.,  1904,  138,  631;  Matignon, 
ibid.,  1905,  140,  1181,  1339. 

^  Chauvenet,  Compt.  rend.,  1911,  152,  87. 

^  Didier,  Compt.  rend.,  1885,  lOi,  882  ;  Ann.  VEcole  Normale,  1887,  [iii.],  4,  65  ; 
Duboin,  ibid,,  1888,  [iii.],  5,  416  ;  Matignon  and  Delepine,  Compt.  rend.,  1901,  132,  37. 

Demaiyay,  Compt.  rend.,  1887,  104,  111 ;  Quantin,  ibid.,  1887,  104,  223  ;  1888,  106, 
1074 ;  L.  Meyer,  Ber.,  1887,  20,  681  ;  Matignon  and  Delepine,  loc.  cit. 

®  Robinson,  Broc.  Roy.  Soc.,  1884,  37,  150  ;  Chem.  News,  1884,  50,  251  (Ce). 

®  Matignon,  Ann.  Chim.  Phys.,  1906,  [viii.],  8,  364  ;  Pettersson,  Zeitsch.  anorg.  Chem,, 
1893,  4,  1. 

''  Hillebrand  and  Norton,  ibid,,  1875,  i55j  633. 

®  Pettersson,  Ber.,  1895,  28,  2419  ;  Moissan,  Compt.  rend.,  1896,  122,  357  ;  1900,  131, 
595,  924  ;  Moissan  and  iEtard,  ibid.,  1896,  122,  573. 

Muthniann  and  Stutzel,  Ber.,  1899,  32,  3413. 

Material  of  doubtful  purity. 
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The  chlorides  are  extremely  hygroscopic,  and  dissolve  in  water  with  the 
evolution  of  considerable  heat.  The  following  values  for  the  heats  of  solutions 
are  given  by  Matignon  : — 

LaCls.  PrClj.  NdClj.  SmCls.  YCI3. 

31-3  33-5  35*4  37-4  45-3  Cals. 

The  aqueous  solutions  are  neutral  to  methylorange.  The  chlorides  are 
readily  soluble  in  alcohol,  less  so  in  pyridine,  and  insoluble  in  ether, 
chloroform,  acetone,^  and  the  chlorides  of  phosphorus,  arsenic,  sulphur,  and 
tin  (Matignon) ;  100  grams  of  pyridine  at  16°  dissolve  the  following  amounts 
of  the  anhydrous  salts 

PrCIj.  NdClg.  SmClg.  YCI3. 

2T  1-8  6-4  6-5 

The  chlorides  are  readily  prepared  in  solution  by  dissolving  the  oxides, 
hydroxides,  or  carbonates  in  concentrated  hydrochloric  acid ;  by  concentrat¬ 
ing  the  solutions  over  sulphuric  acid,  cooling  the  hot,  saturated  solutions, 
or  saturating  the  cold  aqueous  solutions  with  gaseous  hydrogen  chloride, 
crystalline,  hydrated  chlorides  are  readily  prepared,  usually  of  the  type 
MCI3.6H2O.  The  hydrates  thus  obtained,  when  heated  to  105°-130°  in 
a  stream  of  dry  hydrogen  chloride,  are  partly  dehydrated,  the  monohydrates, 
MCI3.H2O,  being  produced ;  the  monohydrates  are  completely  dehydrated 
at  180°-200°  in  hydrogen  chloride.^  The  hydrated  salts  cannot  be  dehydrated 
by  simple  heating  in  air  without  decomposition  taking  place. 

Csesium  chloride  combines  with  the  rare  earth  chlorides,  and  the  following 
crystalline  salts  have  been  obtained  : —  ® 

LaCl3.3CsCl.4H.2O  (^SHgO)  NdCl3.3CsCl.5H2O 

PrCl3.3CsCl.5H2O  SmCl3.3CsCl.5H2O 

Other  double  chlorides  containing  rare  earth  metals  and  the  metals  of 
Groups  I.  and  II.  are  not  known,  with  the  exception  of  the  aurichloi'ides. 
Double  chlorides  with  antimony,  bismuth,  and  tin  chlorides,^  and  the  chlorides 
of  platinum,®  have,  however,  been  prepared.  The  chloroplatinates  are  of 
interest,  since  their  composition  affords  evidence  for  the  tervalency  of  the 
rare  earth  elements  (see  p.  237).  They  are  readily  soluble,  orange-red, 
hygroscopic,  crystalline  salts,  and  the  ammmt  of  water  of  crystallisation  they 
contain  is  variously  given  as  12,  12-5,  and  I3H2O.  The  chloroplatinates  of 
the  metals  of  the  cerium  group  are  isomorphous,  crystallising  in  tetragonal 
bipyramids  : —  ® 

CeCl3.PtCl4.12H20  a:c=l:  1-1272 
PrCl3.PtCl4.12H20  =1:1-13 


^  Barnebey,  J,  Amer.  Chem.  Soc.,  1912,  34,  1174. 

Matignon  ;  see  references  on  p.  252. 

®  R.  J.  Meyer  and  Wassjuchnow,  Zeitsch.  anorg.  Chem.,  1914,  86,  267. 

^  Dehnicke,  InauguralJDissertation  {^Qxlva.,  1904). 

®  See  Vol.  IX.,  or  Nilson,  Bull.  Soc.  chim.,  1877,  [ii.],  27,  206,  208  ;  also  Nilson,  Hid., 
1877,  [ii.],  27,  210,  for  the  chloroplatinites. 

«  Marignac,  Ann.  Chim.  Phys.,  1873,  [iv.],  30,  65  ;  Topsoe,  Bihang  K.  SvensJca  Fet.- 
ATcad.  Handl.,  1873-6,  2,  No.  6 ;  Sbderstrom,  Zeitsch.  Kryst.  Min.,  1902,  36,  194  (Pr). 
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The  rare  earth  chlorides  also  form  double  compounds  with  mercuric 
cyanide,  of  the  type  E.Cl3.3Hg(CN)2.8H20 ;  these  compounds  lose  SHgO  over 
concentrated  sulphuric  acid  or  at  100°.^ 

The  chlorides  of  the  rare  earth  elements  form  compounds  with  alcohol, 
pyridine,  and  other  organic  bases.  The  compounds  tabulated  below  have 
been  obtained  by  Matignon  : —  ^ 

PrCl3.2C5H5N 
NdCl3.3C5H5N 
SmCl3.3C5H5N 
YCI3.3C5H5N 

Oxychlorides,  MOCl. — These  compounds  may  be  prepared,  sotnetimes 
in  the  crystalline  form,  by  passing  a  slow  current  of  air  or  steam  (carried 
by  an  inert  gas)  over  the  molten,  anhydrous  chlorides.®  They  are  also 
produced  by  heating  the  hydrated  chlorides,  or  better,  the  oxalochlorides,^ 
M(C204)Cl.a:H20,  to  a  red  heat.  The  best  method  for  obtaining  them  in  the 
crystalline  state  consists  in  adding  the  oxides  or  sulphates  to  molten  magnesium 
chloride,  allowing  to  cool,  and  extracting  the  soluble  salts  with  dilute  acetic  or 
hydrochloric  acid.® 

The  oxychlorides  are  practically  insoluble  in  cold  water,  dissolve  very 
slowly  in  dilute  acids,  and  are  converted  into  oxides  by  prolonged  heating  in 
air.  They  are  of  considerable  practical  value,  since  their  reflection-spectra 
(p.  291)  are  very  well  defined.  For  the  purpose  of  examining  these  spectra 
the  oxychlorides  are  readily  prepared  in  the  following  manner.  The  oxides 
are  dissolved  in  hydrochloric  acid,  ammonium  chloride  added,  the  solution 
evaporated' to  dryness,  and  the  residue  heated  carefully.®  It  is  then  extracted 
with  water  and  the  insoluble  spangles  of  oxychloride  collected  on  a  filter  paper.'^ 

Bromides,  MBrg. — These  salts  have  not  been  examined  so  closely  as  the 
chlorides.  The  anhydrous  bromides  have  been  prepared  by  heating  the 
anhydrous  chlorides  in  pure,  dry  hydrogen  bromide,  taking  care  to  avoid 
fusing  during  the  operation,®  by  heating  the  sulphides  in  dry  hydrogen 
bromide,®  by  heating  the  oxides  in  sulphur  bromide  vapour,^®  and  by  heating 
the  oxides  in  a  current  of  sulphur  chloride  and  hydrogen  bromide,  the  latter 
being  in  excess.^^  The  bromides  resemble  the  chlorides  in  properties.  They 
aee  slightly  soluble  in  acetone.^®  From  aqueous  solution  they  usually 
crystallise  as  hexahydrates  MBr3.6H20. 

Iodides,  MI3. — Very  little  is  known  of  these  salts.  Matignon  has  pre¬ 
pared  the  anhydrous  iodides  of  neodymium,  praseodymium,  and  samarium  by 

1  Alen,  Bull.  Boc.  cMm.,  1877,  [ii.],  27,  365  (La,  Ce,  “Df,”  Y,  “Er”). 

®  Matignon,  references  on  p.  252  ;  see  also  R.  J.  Meyer  and  Koss,  Ber.,  1902,  3S>  2622  ; 
Jefferson,  J.  Amer.  Chem.  Soc.,  1902,  24,  540  ;  Hartwell,  ibid.,  1903,  25,  1128  ;  Barbieri 
and  Calzolari,  Atti  R.  Accad.  Lincei,  1911,  [v.],  20,  i.,  164. 

®  Matignon,  references  on  p.  252  (Pr,  Nd,  Sm) ;  Bourion,  Ann.  Chim.  Phys.,  1910,  [viii.], 
21,  49  (Gd,  Dy). 

^  Job,  Conipt.  rend.,  1898,  126,  246. 

®  K.  A.  Hofmann  and  Hbscbele,  Ber,,  1914,  47,  238  (Pr,  Nd,  Sm,  Er). 

®  It  is  advisable  to  add  a  mixture  of  sodium  and  potassium  chlorides  to  the  original 
solution  and  heat  finally  until  the  mixed  chlorides  fuse. 

Urbain,  Ann.  CMm.  Phys.,  1900,  [vii.j,  19,  222. 

®  Matignon,  references  on  p.  262  for  Hd  and  Pr. 

®  Muthmann  and  Stiitzel,  Ber.,  1899,  32,  3413  (Ce). 

Barre,  Bull.  Soc.  chim.,  1912,  [iv.],  il,  433. 

Bourion,  Compt.  rend.,  1907,  I45)  243  (La,  Ce,  Nd,  Pr,  Sm,  Gd,  Dy,  Tb,  “Yb”) 

^  Barnebey,  J.  Amer.  Chem.  Soc.,  1912,  34,  1174. 


NdCl3.3C2H5.OH 

NdCl3.C2H5.OH 

YCl3.C2H5.OH 
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heating  the  anhydrous  chlorides  in  pure,  dry  hydrogen  iodide  and  avoiding 
fusion  during  the  process.^  They  are  extremely  hygroscopic,  and  soluble 
in  acetone.^ 

Bromates,  M(Br03)3. — The  bromates  are  best  prepared  by  covering 
barium  bromate  with  water,  heating  on  the  steam-bath,  and  adding  gradually, 
with  continual  stirring,  the  neutral  rare  earth  sulphates.  A  slight  excess  of 
the  barium  bromate  is  necessary.  When  the  double  decomposition  is  com¬ 
plete,  the  barium  sulphate  is  removed  by  filtration  and  the  bromates 
crystallised  from  the  solution.  They  form  an  isomorphous  series  of  salts  of 
the  general  formula  M(Br03)3.9H20,  crystallise  in  hexagonal  prisms,  and  are 
easily  soluble  in  water.®  The  melting-points  and  solubilities  at  25°  (in  grams 
of  crystalline  salt  dissolved  by  100  grams  of  water)  of  a  number  of  bromates 
are  as  follows  : —  ^ 

La.  Ce.  Pr.  Nd.  Sm.  Y. 

Melting-point,  °C.  37-5°  49°  56-5°  66-7°  75°  74° 

Grams  of  M(Br03)3.9H20  416  ...  190  146  114  168 

lodates,  M(I03)3.— The  iodates  are  readily  prepared  by  double  decom¬ 
position.  They  are  crystalline  salts,  sparingly  soluble  in  water,  but  readily 
soluble  in  concentrated  nitric  acid.  In  the  latter  respect  they  differ  markedly 
from  the  iodates  of  zirconium  and  thorium.® 


The  Rare  Earth  Elements  and  the  Oxygen  Group. 

Sesqui-oxides,  M2O3. — Each  of  the  rare  earth  elements  forms  a  basic 
sesqui-oxide,  the  series  of  sesqui-oxides  constituting  the  rare  earths  themselves. 
With  the  exception  of  the  compounds  of  cerium,  praseodymium,  and  terbium, 
the  sesqui-oxides  are  stable  in  air  even  at  a  bright  red  heat,  and  so  may  be 
produced  by  the  ignition  of  the  hydroxides,  carbonates,  nitrates,  oxalates, 
sulphates,  and  many  other  salts  of  oxyacids.  The  sesqui-oxides  of  praseodymium 
and  terbium,  however,  combine  with  oxygen  when  heated,  forming  dark  brown 
peroxides  of  somewhat  indefinite  composition  ;  these  peroxides  may  be  reduced 
to  sesqui-oxides  in  a  stream  of  hydrogen  at  a  red  heat.  Cerium  sesqui-oxide, 
on  the  other  hand,  is  extremely  easily  oxidised  to  cerium  dioxide,  which  can 
only  be  reduced  again  with  great  difficulty. 

When  prepared  by  the  ignition  of  suitable  salts,  the  rare  earths  are 
obtained  as  amorphous  powders  j  lanthana  has  also  been  obtained  in  the 
crystalline  form.  The  appearance  and  chemical  reactivity  of  a  rare  earth 
depend  upon  its  method  of  formation,  i.e.  whether  it  has  been  formed  from 
the  oxalate,  say,  at  a  red  heat  or  from  the  sulphate  at  a  white  heat. 
Practically  nothing  is  known  as  to  the  cause  of  this  difference ;  it  does  not 
even  appear  to  be  known  whether  the  different  forms  have  different  densities. 
As  a  rule,  the  differences  in  reactivity  are  attributed  to  the  fact  that  the 
various  modifications  are  highly,  but  unequally,  polymerised. 

The  sesqui-oxides  are  only  reduced  to  the  metallic  state  with  considerable 


1  Matignon,  references  on  p.  262. 

^  Barnebey,  J.  Amer.  Chem  Soc.,  1912,  34,  1174. 

®  Rammelsberg,  Pogg.  Annalen,  1842,  55,  63  ;  Marignac,  Ann.  Min.,  1859,  [v.],  15,  221. 
*  James,  J.  Amer.  Chem.  Soc.,  1908,  30,  182;  Chem.  News,  1908,  97,  61;  Janies  and 
Langelier,  J.  Amer.  Chem.  Soc.,  1909,  31,  913  ;  Chem.  Neios,  1909,  100,  85. 

®  Davis,  J.  Amer.  Chem.  Soc.,  1889,  II,  26  ;  H.  J.  Meyer  and  Speter,  Chem.  Zeit.,  1910, 
34,  306  ;  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1911,  71,  65. 
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difficulty,  since  their  heats  of  formation  are  very  high.  The  following  values 
for  the  heats  of  formation  (in  Cals,  per  gram-equivalent  of  oxide)  of  lanthana, 
praseodymia,  neodymia,  ceria,  and  the  refractory  oxides  magnesia  and  alumina, 
will  serve  to  illustrate  this  fact : — ■  ^ 

JLa^Og.  iPr^Og.  iNd^Og.  iCeO^.  JAlgOg.  JMgO. 

74-1  68-7  72-5  56-1  64-3  71-5 

The  magnetic  susceptibilities  of  the  rare  earths  are  of  considerable  practical 
importance,  since  the  values  vary  very  considerably  and  thus  afford  a  reliable 
means  of  following  the  processes  of  fractional  crystallisation,  precipitation, 
etc.  (see  p.  330).  The  following  values  have  been  recorded  for  the  magnetic 
susceptibilities  (x)  per  gram  of  sesqui-oxide  at  the  ordinary  temperature  : —  ^ 

La20g.  PrjOg.  NdgOg.  SnigOs-  Eii20g.  Gd20g.  Tb203.  Dy20g. 

a:xl06=  -0T8  -hve  +33-5  -f-6-5  -h33'5  +161  +240  +290 

H02O3.  Y2O3.  Er203.  Tm203.  ¥6303.  LU2O3.  CtgOg. 

a;xl0®=  +ve  -  0T4  +ve  +ve  +33’6  +c.  8  +c.  2 

The  values  for  lutecia  and  celtia  are  only  approximately  known,  ytterbia 
being  about  four  or  five  times  as  paramagnetic  as  lutecia,  which  in  its  turn  is 
four  times  as  paramagnetic  as  celtia.  The  values  for  dysprosia,  holmia,  erbia, 
thulia,  and  ytterbia  are  known  to  be  in  descending  order  of  magnitude. 
Praseodymia  is  not  so  paramagnetic  as  neodymia.  It  is  of  interest  to  note 
that  the  three  elements  which  may  definitely  be  assigned  positions  in  Sub¬ 
group  ill.  A  of  Mendel4eff's  Table,  viz.  scandium,  yttrium,  and  lanthanum,  all 
form  feebly  diamagnetic  oxides. 

The  rare  earths  are  fairly  strong  basic  oxides,  being  much  stronger  bases 
than  the  sesqui-oxides  of  Subgroup  III.  B.  From  general  chemical  and  thermo¬ 
chemical  2  considerations  it  may  be  concluded  that  they  are  stronger  bases 
than  magnesia,  but  weaker  than  the  alkaline  earths.  Thus,  the  strongly 
ignited  oxides  are  readily  soluble  in  mineral  acids,^  several  of  them  combine 
directly  with  water  and  absorb  carbon  dioxide  from  the  air,  and  all  of  them 
liberate  ammonia  from  cold  solutions  of  ammonium  salts.  Normal  salts  of 
numerous  weak  acids,  e.g.  chromic,  carbonic,  and  acetic  acids,  are  readily 
prepared.  The  salts  derived  from  strong  acids  are  only  hydrolysed  to  a  very 
slight  extent  even  in  dilute  aqueous  solution  at  the  ordinary  temperature.® 
The  determination  of  the  relative  strengths  of  the  rare  earths  as  bases 
has  so  far  only  been  attempted  in  a  qualitative  manner,  and  the  results  are 


^  Muthmann  and  Weiss,  Annalen,  1904,  331,  1. 

^  Urbainand  Jantsch,  Compt.  rend.,  1908,  147, 1286  (Nd,  Sm,  Eu,  Gd,  Tb,  Dy)  ;  Urbain, 
ihid.,  1909,  149,  37  (Tb) ;  Blumenfeld  and  Urbain,  %bid.,  1914,  159,  323  (Yb) ;  E.  J.  Meyer 
and  Wuorinen,  Zeitsch.  anorg.  Chem.,  1913,  80,  7  (La,  Y).  See  also  S.  Meyer,  Sitzungsber. 
K.  Akad.  Wiss.  Wien,  1901,  no,  Ha.,  492  ;  1902,  III,  Ila.,  38  ;  Monatsh.,  1899,  20,  369  ; 

1908,  29,  1017  ;  Ber.,  1900,  33,  320,  1918  ;  Ann.  Physik,  1900,  [iv.],  i,  664,  668  ;  Onnes 
and  Perrier,  Proc.  K.  Akad.  Welensch.  Amsterdam,  1912,  14,  115  ;  Onnes  and  Oosterhuis, 
ibid.,  1912,  15,  322.  On  the  magnetic  dichroism  of  the  rare  earths,  see  Meslin,  Compt.  rend, , 

1909,  148,  1598. 

®  Matignon,  Ann.  Ghim.  Phys.,  1906,  [viii.],  8,  242,  364,  386,  402,  426,  433,  440  ;  1907, 
[viii.],  10,  104. 

^  The  most  basic  oxides  are  more  readily  soluble  than  the  others. 

®  See  Muthmann,  Ber.,  1898,  31,  1829  ;  Ley,  Zeitsch.  physikal.  Chem.,  1899,  30,  193  ; 
Rimbach  and  Schubert,  ibid,,  1909,  67,  183;  Denham,  Zeitsch.  anorg.  Chem.,  1908,  57, 
378  ;  Aufrecht,  Inaugural  Dissertation  (Berlin,  1904). 
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somewhat  contradictory.  The  strongest  base  is  lanthana,  the  earths  of  the 
cerium  group  are  stronger  than  those  of  the  yttrium  group,  yttria  itself 
being  excepted,  and  the  terbia  earths  are  intermediate  in  strength  between 
the  ceria  and  yttria  earths.  Yttria  itself  is  possibly  as  strong  a  base  as 
neodymia.  The  rare  earth  elements  are  most  probably  arranged  in  the 
order  of  decreasing  basic  strength  of  their  oxides  as  follows : — 

La,  Ce“^,  Pr,  Nd'  and  Y,  Sm,  Eu,  Gd,  Tb,  Dy,  Ho,  Er, 

Tm,  Yb,  Lu,  Ct,  (Sc),  (Ce^'^). 

This  order  is  usually  in  harmony  with  (i.)  the  order  in  which  the  nitrates 
decompose  when  heated,  (ii.)  the  order  in  which  the  hydroxides  are  precipitated 
from  the  mixed  salts  by  the  gradual  addition  of  ammonium,  sodium,  or 
potassium  hydroxide,  and  (iii.)  the  relative  degrees  of  hydrolysis  of  aqueous 
solutions  of  the  sulphates.^  It  is  in  complete  disagreement  with  the  order 
obtained  by  Wohler  and  Griinzweig  ^  from  measurements  of  the  dissociation 
tensions  of  the  anhydrous  sulphates ;  it  is  difficult  to  believe  that  their  results 
are  accurate.  Thermochemical  data  indicate  that  lanthana,  praseodymia, 
neodymia,  and  samaria  are  arranged  in  order  of  diminishing  basic  strength 
in  the  order  in  which  they  have  been  named.  Thus,  in  the  reaction : — 

[M2O3]  +  6(HC1)  =  2[MCl3j  +  SpgO]  +  q  Cals, 
the  values  of  q  are  : —  ® 

Metal  La.  Pr.  Nd.  Sm. 

Calories  160-6  147-8  143-1  128-4 

and  in  the  reaction  : — 

[M2O3]  +  3[H2S0J  =  [M2(S0J3]  +  3P2O]  +  r  Cals, 
the  values  of  r  are  : — *  * 

Metal  La.  Pr.  Nd.  Sm. 

Calories  138-2  125-7  125-1  113-8 

In  connection  with  the  order  of  basic  strength  given  above,  there  is  one 
curious  anomaly.  Fractional  precipitation  with  ammonia  indicates  that 
samaria  is  a  stronger  base  than  europia,  but  a  weaker  base  than  gadolinia,® 
while  other  methods  indicate  that  samaria  is  stronger  than  gadolinia.  It 
may  be  pointed  out,  however,  that  it  is  only  an  assumption  to  regard  the 
order  in  which  the  hydroxides  are  precipitated  as  the  order  of  their  relative 
strengths,  the  weakest  precipitating  first.  In  accordance  with  the  ionic 
theory,  the  order  of  precipitation  represents  merely  the  order  of  increasing 
solubility-products,  and  this  only  represents  the  order  of  increasing  basic 
strength  of  the  hydroxides  provided  that  the  hydroxides  are  very  largely 
dissociated  in  solution  and  the  un-ionised  portions  have  approximately  equal 
solubilities. 


^  Katz  and  James,  J.  Am&r.  Chem.  Soc.,  1914,  36,  779. 

*  Wohler  and  Griinzweig,  Ber.,  1913,  46,  1726. 

*  Matignon,  loc.  cit. 

*  Matignon,  Compt.  rend.,  1906,  142,  276. 

'  Lecoq  de  Boisbaudran,  Compt.  rend.,  1890,  HI,  393  ;  1892,  114,  675;  Benedicks, 
Zeitsch.  anorg.  Chem.,  1900,  22,  393. 
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Higher  Oxides. — Cerium  forms  a  well-defined  basic  dioxide,  CeOgj 
praseodymium  also  forms  a  dioxide,  PrOg,  and  terbium  forms  a  higher  oxide 
of  the  approximate  composition  Tb^O^.  These  substances  are  not  peroxides 
in  the  strict  sense  of  the  term,  i.e.  they  are  not  constituted  like  hydrogen 
peroxide.  They  are  described  under  the  headings  of  the  respective  metals. 

All  the  rare  earth  elements  appear  to  be  capable  of  forming  true  hydrated 
peroxides  of  the  type  M205.a;H20,  the  constitutions  of  the  compounds  being 
expressed  by  the  formula  (OH)2.M.O.OH.  They  may  be  obtained  by  the 
addition  of  hydrogen  peroxide  and  ammonia  to  solutions  of  rare  earth  salts, 
and  are  described  under  the  headings  of  the  respective  metals. 

Hydroxides,  M(OH)3. — The  hydroxides  of  the  rare  earth  elements 
may  be  obtained  as  gelatinous  precipitates  by  the  addition  of  excess  of 
ammonium,  or  an  alkali  hydroxide,  (or  ammonium  sulphide)  to  hot,  dilute 
solutions  of  the  nitrates,  chlorides,  etc.  The  hydroxides  are  insoluble  in 
excess  of  precipitant ;  when  a  deficit  of  the  latter  is  added,  or  the  precipitation 
carried  out  with  cold  solutions,  the  precipitated  hydroxides  are  contaminated 
with  basic  salts. 

The  hydroxides  are  fairly  strong  bases,  and  absorb  carbon  dioxide  from 
the  air.  They  interact  readily  with  acids  to  produce  salts. 

In  the  presence  of  ammonium  acetate  the  hydroxides  are  only  slowly  and 
incompletely  precipitated  by  the  addition  of  ammonia ;  this  property  may  be 
conveniently  utilised  in  separating  moderate  amounts  of  iron  from  the  rare 
earth  elements.^  The  precipitation  of  the  hydroxides  may  also  be  inhibited 
by  the  addition  of  citric  acid  and  other  organic  hydroxy-acids.  The  case  of 
tartaric  acid  is  of  particular  interest.  When  sufficient  of  this  acid  has  been 
previously  added,  precipitation  of  the  hydroxides  by  sodium  hydroxide  is 
completely  inhibited.  Potassium  hydroxide,  on  the  other  hand,  gives 
precipitates  of  double  potassium  tartrates  with  the  members  of  the  yttrium 
group,  but  only  from  boiling  solutions.  Lastly,  ammonium  hydroxide  gives 
rise  to  precipitates  of  double  ammonium  tartrates  with  the  yttrium  group 
even  in  cold  solutions;  the  precipitates  become  crystalline  when  warmed.^ 
Muller  ®  has  found  the  precipitation  of  cerous  and  neodymium  hydroxides  to 
be  inhibited  by  the  addition  of  glycerol. 

Sulphides,  M2S3. — The  sulphides  of  the  rare  earth  metals  cannot  be  pre¬ 
pared  by  wet  methods.  The  best  methods  of  preparation  consist  in  heating 
either  {a)  the  oxide  or  (5)  the  anhydrous  sulphate  to  redness  in  a  current  of 
pure,  dry  hydrogen  sulphide.^ 

The  sulphides  have  been  obtained  as  coloured  powders  ;  sometimes  in  the 
crystalline  state.  They  are  comparatively  stable  in  the  air,  but  are  slowly 


1  Lecoq  de  Boisbaudran,  Gompt.  rend.,  1890,  in,  394  ;  Sterba,  Ann.  Chim.  Phys.,  1904, 
[viii.],  2,  199  ;  cf.  the  work  of  Delafontaine  and  others  on  colloidal  basic  acetates  (Dela- 
fontaine,  Chem.  News,  1896,  73)  284 ;  W.  Blitz,  Ber.,  1904,  37,  719  ;  Orloff,  Ghem.  Zeit., 
1907,  31,  45). 

^K.  J.  Meyer  and  Goldenberg,  Ghem.  News,  1912,  106,  13;  Meyer  and  Hauser,  Die 
Analyse  der  seltenen  Erden  und  der  Erdsduren  (Stuttgart,  1912),  p.  43. 

®  Muller,  Zeitsch.  anorg.  Ghem.,  1905,  43,  320. 

{a)  Didier,  Gompt.  rend.,  1885,  100,  1461  ;  lOi,  &82  (La,  Ce) ;  Sterba,  Ann.  Ghim. 
Phys.,  1904,  [viii.],  2,  193  (Ce) ;  (6)  Muthmann  and  Stiitzel,  Ber.,  1899,  32,  3413  (La,  Ce, 
Pr,  Nd)  ;  Sterba,  loc.  cit.  {Ce)  ;  Erdmann  and  Wirth,  Annalen,  1908,  361,  190  (Sm,  Gd). 
The  early  litei’ature  on  the  sulphides  is  as  follows  :  Mosander,  Pogg.  Annalen,  1826,  ii,  406 
(Ce) ;  Beringer,  Annalen,  1842,  42,  138  (La);  Lange,  J.  prakt.  Ghem.,  1861,  82,  129  (Ce, 
La);  Hermann,  J.  prakt.  Ghem.,  1861,  82,  385  (La) ;  Freriohs  and  Smith,  Annalen,  1878, 
191,  331  (La,  Ce) ;  Popp,  ibid.,  1864,  131,  197  (Y). 
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hydrolysed  by  boiling  water  to  the  hydroxides,  hydrogen  sulphide  being 
evolved.  The  sulphides  are  readily  decomposed  by  dilute  mineral. acids. 

Oxysulphides  and  polysulphides  are  known  only  in  a  few  instances. 

Sulphites,  M2(S03)3. — The  sulphites  of  the  rare  earth  metals  are  practi¬ 
cally  insoluble  in  water,  and  may  be  obtained  by  double  decomposition  between 
sodium  sulphite  and  rare  earth  salts.^  They  are  soluble  in  aqueous  sulphurous 
acid,  since  the  hydroxides,  oxides,  and  carbonates  may  be  dissolved  in  an  excess 
of  that  reagent.  The  solutions  thus  obtained  deposit  crystals  of  the  normal 
sulphites  when  evaporated  over  sulphuric  acid,  or  when  heated.^ 

Thiosulphates,  112(8203)3. — The  rare  earth  elements  form  well-defined 
crystalline  thiosulphates,  which  are  readily  soluble  in  water.  They  are  not 
hydrolysed  with  the  precipitation  of  basic  salts  when  their  aqueous  solutions 
are  boiled,®  in  which  respect  they  differ  sharply  from  the  corresponding  salts 
of  scandium,  zirconium,  and  thorium,  which  may  be  completely  hydrolysed. 

Sulphates,  M2(S04)3. — The  anhydrous  sulphates  of  the  rare  earth  metals 
may.  be  prepared  by  heating  the  oxides,  hydroxides,  carbonates,  chlorides, 
nitrates,  or  oxalates  with  an  excess  of  concentrated  sulphuric  acid,  and 
eliminating  the  excess  of  acid  and  destroying  acid  sulphates  by  heating  to 
500°.  It  is  a  matter  of  great  difficulty  to  obtain  the  pure,  anhydrous,  normal 
sulphates  by  this  method  (see  p.  240).  An  alternative  method  of  preparing 
the  anhydrous  sulphates  consists  in  dehydrating  the  hydrated  salts  at  about 
400°.  At  temperatures  higher  than  500°,  decomposition  commences,  and  at  a 
white  heat  the  sulphates  are  completely  decomposed,  the  oxides  being  left. 

The  anhydrous  sulphates  of  the  rare  earth  metals  are  hygroscopic  solids 
which  dissolve  in  water  with  the  evolution  of  heat.  In  order  to  obtain  them 
in  concentrated  solution  it  is  necessary  to  add  the  powdered  solid  gradually, 
with  stirring,  to  ice-cold  water,  avoiding  any  local  rise  in  temperature.  Con¬ 
centrated  solutions  thus  obtained  are  metastable  with  respect  to  the  hydrated 
sulphates.  Moreover,  the  solubilities  of  the  hydrated  salts  diminish  with  rise 
of  temperature  very  markedly.^  Hence,  when  a  cold,  concentrated  solution 
of  a  rare  earth  sulphate  is  warmed,  a  copious  precipitate  of  a  hydrated  salt 
is  obtained,  which  cannot  be  brought  into  solution  by  cooling  unless  a  con¬ 
siderable  excess  of  the  solvent  be  added.  The  most  important  hydrates  of 
the  sulphates  are  the  octahydrates,  M2(S0J3.8H20,  which  seem  to  be  given 
by  the  sulphates  of  all  the  rare  earth  metals  except  lanthanum. 

The  densities  of  the  sulphates  are  given  in  the  following  table  : — 


La. 

Ce. 

Pr. 

Nd. 

Sm. 

Gd. 

Y. 

Er. 

Anhydrous  . 

3-60 

3'91 

3-72 

4T4 

2-61 

3-68 

5H2O  . 

.«« 

3'17 

3T7 

• .  • 

8H2O  . 

•  6 

2-89 

2-82 

2-86 

2-93 

3-01 

2-64 

3'20 

9H2O  . 

2-83 

2-84 

... 

... 

... 

*  Ohavastelon,  Qompt,  rend.,  1900,  130,  781  ;  Grossmann,  Zeitsch.  anorg.  Chem,,  1905, 
44,  229  (Ce,  La). 

®  Jolin,  Bull.  Soc.  chim.,  1874,  [ii.],  21,  633  (Ce) ;  Cleve,  ibid.,  1874,  [ii.],  21,  196  (La) ; 
Chem.  News,  1886,  S3j  81  (Sm)  ;  Cleve  and  Hoglund,  Bull.  Soc.  chim.,  1873,  [ii.],  18,  193, 
289  (Y). 

®  In  concentrated  solutions  a  slight  precipitation  is  observed  in  the  yttrium  group 
(Crookes,  Chem.  News,  1896,  74,  269). 

*  See  fig.  39  on  p.  383. 
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With  the  exception  of  the  cerium  salt,  all  the  octahydratcs  of  the  sulphates 
crystallise  in  monoclinic  prisms,  isomorphous  with  one  another  and  with  the 
corresponding  selenates  : —  ^ 


Salt. 

a.  b.  e. 

/3. 

Pr2(804)3.8H20 

2-9863  :  1  :  1-9995 

118° 

0' 

Nd2(804)3.8H20 

2-9835  ;  1  :  1-9968 

118° 

8-1 

,  8m2(804)3.8H20 

3-0030  :  1  :  2-0022 

118° 

16' 

Gd2(S04)3.8H20 

3-0086  :  1  :  2-0068 

118° 

2' 

Y2(804)3.8H20 

3-0284  ;  1  :  2-0092 

118° 

25' 

Er2(804)3.8H20 

3-0120  :  1  :  2-0043 

118° 

27' 

The  enneahydrates  of  cerium  and  lanthanum  crystallise  in  the  hexagonal 
system  (bipyramidal),  isomorphous  with  one  another : — 

La2(S04)3.9H20,  a  :  c  =  1  ;  0-7356 

Ce2(S04)3.9H20,  Cl :  c  =  1  :  0'7310 

The  pentahydrates  of  cerium  and  praseodymium  are  also  isomorphous  with 
one  another  (monoclinic  prisms) : — 

Pr2(S04)3.5H20  ;  a  :  5  :  c  =  1-4450  :  1  :  M157,  ^  =  101°  16' 

002(804)3. 5H2O  ;  a  :  6  :c  =  1-4656  :  1  ;  1-1264,  /8=102°40' 

The  order  of  solubility  of  the  hydrated  sulphates  in  water  at  25°  is  as 
follows,  beginning  with  the  least  soluble  : — 


La,  Gd,  Sm,  Y,  Nd,  Ce,  Pr,  Er,  “Yb.” 


The  actual  solubilities  at  25°,  in  grams  of  anhydrous  sulphate  per  100  grams 
of  solution,  are  as  follows  : —  ^ 


Solid  Phase.  Solubility. 
La2(S04)3.9H20  2  483 

Gd2(S04)3.8H20  2-981 

Sm(S04)3.8H20  3-426 


Solid  Phase.  Solubility. 
Y(S04)3.8H20  5-02 

Nd2(S04)3.8H20  5-30 
002(804)3. 8H2O  7-60 


Solid  Phase.  Solubility. 
Pr2(804)3.8H20  11-11 

Er2(804)3.8H20  11-94 


The  solubilities  of  a  number  of  the  preceding  salts  in  aqueous  sulphuric 
acid  have  been  determined  at  25°.  The  results^ are  shown  to  scale  in  %.  20. 

Double  Sulphates. — The  sulphates  form  numerous  double  sulphates 
with  the  sulphates  of  ammonium  and  the  alkali  metals.  Disregarding 
the  water  of  crystallisation,  they  may  be  classified  into  the  following  types  : — 

3M2(804)3.2K2804  ;  1^2(804)3.112804;  2M2(804)3.3E2804;  1^2(804)3. 2R28O4 ; 
2M2(S04)3.5R2804;  M2(804)3.3R28  04  ;  M2(804)3.4R2S04 ;  21^2(804)3. 9R28O4 ; 

M2(804)3.5R2804. 

Only  one  or  two  systematic  investigations  of  the  double  sulphates  have  been 
made. 

The  double  potassium  sulphates  of  the  cerium  and  terbium  groups  are 
very  sparingly  soluble  in  cold  water,  and  in  a  cold,  saturated  solution  of 


^  Data  from  Groth,  Ghemische  Krystallograpliie  (Leipzig,  1906-1910),  vol.  ii. 

2  See  Wirth,  Zeitsch.  anorg.  Chew..,  1912,  76,  174  ;  James  and  Holden,  J.  Avier.  Chem. 
Soc.,  1913,  35,  559  :  no  data  are  available  for  rare  earth  sulphates  other  than  those  quoted. 

®  Wirth,  loc.  cit. 


Grams  oF  Anhydrous  Sulphate  per  100  grams  oF Solution 
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Normality  of  Sulphuric  Acid. 

Fig.  20. — Solubilities  of  the  sulphates  of  some  of  the  rare  earth  elements 
in  aqueous  sulphuric  acid  at  25'  C. 
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potassium  sulphate  they  are  even  less  soluble.  In  fact,  the  lanthanum, 
cerium,  praseodymium,  and  neodymium  salts  are  practically  insoluble  in  the 
sulphate  solution. ^  On  the  other  hand,  the  double  potassium  sulphates  of  the 
yttrium  group  do  not  differ  greatly  from  the  simple  rare  earth  sulphates  in 
their  solubility  in  water,  and  are  readily  soluble  in  cold,  saturated  potassium 
sulphate  solution. 

The  double  sodium  and  ammonium  sulphates  resemble  the  potassium  salts 
in  their  solubilities,  but  are  rather  more  soluble,  particularly  the  ammonium 
salts  (see  pp.  385,  408,  423). 

The  double  ammonium  salts  of  the  type  M2(S04)3.(NH4)2S04.8H20  form  an 
isomorphous  series,  crystallising  in  monoclinic  prisms: — * 


Salt. 

a:b  -.c. 

B. 

Density. 

La 

0-3509:1  :  0-9145; 

97°  36' 

2-516 

Ce 

0-3598  : 1  :  0-9340; 

97°  15' 

2-523 

Di  ” 

0-3417  :  1  :  0-9234; 

95°  28' 

.  t  . 

The  double  sulphates  are  of  great  practical  importance.  The  sparingly 
soluble  double  salts  may  be  brought  into  solution  by  heating  them  with  con¬ 
centrated  nitric  acid  and  pouring  the  whole  into  boiling  water,®  or  by 
dissolving  them  in  concentrated  ammonium  acetate  solution.^  They  may  be 
converted  directly  into  hydroxides  by  heating  with  alkali  hydroxide,®  and  into 
oxalates  by  prolonged  heating  with  aqueous  oxalic  acid.®  By  heating  to 
redness  for  an  hour  or  so  with  four  times  their  weight  of  powdered  charcoal, 
they  are  almost  completely  reduced  to  sulphides,  which  may  be  dissolved  in 
hydrochloric  acid.'^ 

Acid  Sulphates,  M(HS04)3. — These  salts  maybe  prepared  by  dissolving 
the  normal  sulphates  in  boiling  sulphuric  acid  and  cooling  the  solution,  when 
the  crystalline  acid  salts  separate  out;®  or  by  dissolving  the  normal  salts 
in  ice-cold  water  and  adding  a  large  excess  of  sulphuric  acid.®  Adhering 
sulphuric  acid  may  be  removed  by  heating  in  vacuo  to  130°,  but  above  180° 
decomposition  commences. 

The  cerous  salt  forms  colourless,  glistening  needles ;  the  yttrium  salt, 
colourless  pyramids ;  the  lanthanum,  praseodymium,  neodymium,  and 
samarium  salts  form  colourless,  green,  rose-red,  and  golden-yellow,  silky 
needles  respectively.  All  the  acid  salts  are  converted  into  normal  salts 
at  temperatures  approaching  dull  redness. 

Basic  Sulphates,  MgOg.SOg. — It  is  only  at  a  white  heat  that  a  rare  earth 
sulphate  can  be  completely  converted  into  the  oxide.  When  heated  to  900°, 


1  This  statement  does  not  rigidly  apply  when  mixtures  of  rare  earth  sulphates  are  dealt 
with  ;  see  p.  338. 

®  Morton,  Zeitsch.  Kryst.  Min.,  1887,  12,  520  ;  Kraus,  ibid.,  1901,  34,  307  ;  Wyrouboff, 
Bull.  Soc. /rang.  Min.,  1891,  14,  83. 

®  Hisinger  and  Berzelius,  Ann.  Chim.,  1803,  [i.],  SO)  245  ;  R.  J.  Meyer  and  Marckwald, 
Ber.,  1900,  33,  3003. 

^  Urbain,  Bull.  Soc.  chim.,  1896,  [iii.],  15,  338,  347  ;  cf.  Muthmann  and  Rolig,  Btr., 
1898,  31,  1718. 

®  Von  Scheele,  Ber.,  1899,  32,  409. 

®  Auer  von  Welsbach,  Monatsh.,  1883,  4,  630  ;  Muthmann  and  Rolig,  loe.  dt. 

Browning  and  Blumenthal,  Amer.  J.  Sci.,  1911,  [iv.],  32,  164;  Dennis  and  Rhodes, 
J.  Amer.  Chem.  Soc.,  1915,  37,  809. 

®  Wyrouboff,  Btdl.  Soc.  chim.,  1889,  [hi.],  2,  745  (Ce)  ;  Matignon,  Compt.  rend.,  1902, 
134,  657  (Pr,  Nd) ;  1905,  141,  1230  (Sm). 

*  Brauner  and  Picek,  Zeitsch.  anorg.  Chem.,  1904,  38,  322  (La,  Ce,  Pr,  Nd,  Sm,  Y). 
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basic  sulphates  of  the  type  MgOg.SOg  are  obtained  (except  from  cerous 
sulphate)  as  amorphous  powders,  stable  at  1000°.i 

Selenites,  M2(Se03)g. — The  precipitates  obtained  by  adding  sodium 
selenite  to  an  aqueous  solution  of  rare  earth  salts  are  usually  lasic  selenites. 
When  a  solution  of  selenious  acid  is  used  as  precipitant,  the  normal  selenites 
are  generally  precipitated.  By  heating  the  basic  selenites  with  dilute  aqueous 
selenious  acid,  the  normal  selenites  may  be  obtained,  and  if  more  concentrated 
selenious  acid  be  employed,  acid  selenites  are  formed.^ 

Selenates,  1142(8604)3. — The  selenates  may  be  obtained  as  hydrated  salts 
by  dissolving  the  oxides,  hydroxides,  or  carbonates  in  aqueous  selenic  acid 
and  crystallising  from  the  solution.  By  carefully  heating  the  hydrated  salts, 
anhydrous  selenates  may  be  obtained.  The  selenates  are  not  so  well  known 
as  the  sulphates.  A  number  of  octahydrates  are  known,  and  those  that  have 
been  measured  are  isomorphous  with  the  corresponding  sulphates  : —  ^ 

GdJSeOOg.SHoO,  a :  6  :  c  =  3-1424  : 1  :  2-0714,  y8=117°50' 

“  Er  ’YSeOJo.SH.O,  a  :  6  :  c  =  3-0218  ;  1  ;  2-0012,  ^  =  118°  45' 

Y2(Se04)3.8H20,  a  :  6  :  c  =  3-1041  :  1  ;  2-0346,  ^  =  118°  12' 

The  decahydrates  of  the  same  three  elements  crystallise  in  orthorhombic 
bipyramids  and  are  isomorphous  with  one  another ;  the  data  for  two  are 
as  follows  : —  ^ 

“ Erg  "(SeOJg.lOHgO,  a-.h:c  =  0-9300  :  1  ;  0-4807 

¥(8004)3. lOHgO,  a:h-.c  =  0-9358  :  1  :  0-4829 

The  densities  of  the  selenates  are  given  in  the  following  table  : — 


La. 

Pr. 

Sm. 

Gd. 

Y. 

Anhydrous  . 

4-30 

4-08 

4-18 

6H2O  . 

3-48 

,,, 

... 

.  .  . 

8H2O  . 

3-08 

3-33 

3-32 

2-91 

9H2O  . 

2-66 

... 

... 

lOHgO 

•  «  • 

... 

3-06 

2-78 

12H20 

... 

3-01 

In  general,  the  double  selenates  are  rather  more  soluble  in  water  than  the 
corresponding  double  sulphates. 

Chromates,  M2(Cr04)3. — Few  of  these  salts  appear  to  have  been  analysed. 
The  chromates  are  sparingly  soluble  in  water,  and  so  may  be  obtained  as 
crystalline  precipitates  by  double  decomposition,  using  potassium  chromate 
as  precipitant.  When  a  large  excess  of  precipitant  is  used,  double  chromates 
may  be  obtained,  particularly  in  the  yttrium  group.  The  chromates  appear 
as  a  rule  to  have  the  composition  M2(Cr04)g.8H20  and  to  be  isomorphous 
with  the  corresponding  sulphates. 


^  Matignon,  Compt.  rend.,  1902,  134,  6.57  (Nd,  Pr) ;  1905,  141,  1230  (Sm);  1906,  142, 
394;  Wild,  Zeitsch.  anorg.  Ghem.,  1905,  47,  464  (La,  Sm,  Y,  Er,  “Yb”);  L.  Wohler  and 
Griinzweig,  Ber.,  1913,  46,  1726  (La,  Pr,  Nd,  Sm,  Gd,  Y,  Er,  Yb,  Lu). 

^  Nilson,  Nova  Acta  Soc.  Upsala,  1875,  [iii.],  9,  No.  7  ;  Ber.,  1875,  8,  655  ;  Bull.  Soc. 
chim.,  1875,  [ii.],  23,  494. 

®  Topsoe,  Bihang  K.  Svenska  Vet.-Akad.  Nandi.,  1874,  2,  No.  5;  Bull.  Soc.  chim., 
1874,  [ii.],  22,  353  ;  Ber.,  1875,  8,  129  (Er,  Y) ;  Benedicks,  Zeitsch.  anorg.  Ghem.,  1900,  22, 
393  (Gd).  4  Topsoe,  loc.  cit. 
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The  rare  earth  salts  are  not  precipitated  by  the  addition  of  chromic  acid 
or  an  alkali  dichromate  in  this  respect  they  differ  from  those  of  zirconium, 
thorium,  and  quadrivalent  cerium. 

The  chromates  are  of  value  for  the  separation  of  the  rare  earths  from 
one  another  (see  pp.  343,  352). 

Molybdates,  M2(MoO^)3. — These  salts  closely  resemble  the  corresponding 
tungstates  in  crystalline  form  and  properties,  and  may  he  prepared  by  means 
similar  to  those  described  in  the  next  section  for  the  preparation  of  tungstates. 
Cerous  and  “didymium”  molybdates  have  been  shown  by  Cossa  to  be  iso- 
morphous  with  lead  molybdate.^ 

A  number  of  complex  molybdates  have  been  prepared  containing  the  rare 
earth  elements  of  the  cerium  group.  They  have  the  general  formula 
(NH^)gM2Moj^04j5.24H20,  and  form  a  series  of  isomorphous  salts  crystallising 
in  the  triclinic  system  : —  ^ 


a-.b  -.c. 

a. 

s. 

7- 

La 

0-3502  : 1  :  0-3416 

102“  29' 

54“  18' 

103“ 

10' 

Ce 

0-3523  :  1  :  0-3409 

102°  22' 

54“  30' 

103“ 

4' 

Pr 

0-3514  :  1  :  0-3461 

102“  11' 

54“  15' 

103" 

45' 

Nd 

0-3492  :  1  :  0-3385 

102“  15' 

54°  8' 

103“ 

29' 

Sm 

0-3611  :1  :0-3330 

102“  49' 

54“  45' 

102“ 

37' 

Tungstates,  M2(W04)3.  —  The  normal  tungstates  of  the  rare  earth 
elements  are  practically  insoluble  in  water,  and  may  be  obtained  by  double 
decomposition  between  sodium  tungstate  and  a  rare  earth  nitrate  or  sulphate. 
The  precipitates  are  usually  amorphous,  but  may  become  crystalline  when 
heated.  The  amorphous  tungstates  may  be  crystallised  by  fusing  them  in  an 
inert  atmosphere  and  cooling,  or  by  mixing  them  with  an  excess  of  sodium 
chloride  and  fusing  the  mixture.  The  tungstates  crystallise  in  tetragonal 
bipyramids.  It  was  discovered  by  Cossa  that  cerous,  '•''didymium,^'  and 
calcium  tungstates  are  isomorphous  and  form  mixed  crystals,®  and  Zambonini  ^ 
has  shown  that  cerous  and  lead  tungstates  are  completely  miscible  both  in  the 
liquid  and  the  solid  states. 

When  a  rare  earth  is  fused  with  tungstic  acid,  sodium  tungstate,  and 
sodium  chloride,  and  maintained  at  a  red  heat  for  some  time,  double  tung¬ 
states  are  formed  and  may  be  isolated  by  washing  the  mass  with  water,  in 
which  they  are  insoluble.  The  following  salts  have  been  thus  obtained  in 
crystals  which  closely  resemble  those  of  the  simple  rare  earth  tungstates  : —  ® 


La4Nag(W04)9 

LagNag^WO^).^ 

Ce2Nag(W04), 


Sm,Nag(W04), 

Er,Nag(WO,)9 

Y2Na3(WO,), 


1  Frerichs  and  Smith,  Annalen,  1878,  191,  331  (La2(HMo04)3) ;  Cossa,  Oompt.  rend., 
1884,  98,  990  (“Di”)  ;  1886,  102,  1315  (Ce)  ;  Oazzetta,  1886,  16,  284  (Ce,  “Di”) ;  Cleve, 
Ghem.  News,  1886,  53,  93  (Sm) ;  Hitchcock,  J.  Amer.  Chem.  Soe.,  1895,  17,  520  (La,  Ce, 
Pr,  Nd). 

2  Barbieri,  Atfi  B.  Accad.  Lincei,  1908,  [v.],  17,  i.  540  ;  1911,  [v.],  20,  i.  18  (La,  Ce, 
Nd,  Pr,  Sm) ;  Billows,  ZeitscTi.  Kryst.  Min.,  1912,  SO;  500. 

Cossa,  Oazzetta,  1879,  9,  118  (“  Di”) ;  Cossa  and  Zecchini,  ibid.,  1880,  10,  225  (Ce) ; 
Cossa,  ibid.,  1880,  10,  467  (“  Di”) ;  1886,  16,  284  (Ce)  ;  Frerichs  and  Smith,  Annalen, 
1878,  191,  331  (La)  ;  Hitchcock,  J.  Amer.  Chem.  Soe.,  1895,  17,  520  (La,  Ce,  Pr,  Nd). 

Zambonini,  Atti  B.  Accad.  Lincei,  1913,  [v.],  22,  i.  519. 

®  Hbgbom,  Oefvers.  SvensJea  Vet.-Akad.  Forhandl. ,  1884,  No.  5  ;  Bull.  Soe.  chim., 
1884,  [ii.],  42,  2. 
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The  metatungstates  of  the  rare  earth  metals  are  extremely  soluble  in  water, 
and  may  be  prepared  from  barium  metatungstate  and  the  sulphates.  The 
lanthanum,  cerium,  and  “  didymium  ”  salts  form  two  series  of  hydrates, 
^2(^4^13)3-271120  and  M2(W^Oj3)3.30H2O,  the  latter  crystallising  below  16° 
in  the  triclinic,  the  former  above  16°  in  the  orthorhombic  system  : — 

27H2O.  a-.h :  c.  3OH2O.  a\h  ic.  o.  /3.  7. 

“  Di”  0-9736  :  1  : 1-2962  La  0-9859  :  1  :  0-5786  97°  6'  93°  60'  89°  2' 

Ce  0-9838  :  1  :  0-5825  96°  43'  92°  34'  91°  30' 


A  samarium  salt,  Sa2(W^0j3)3.35H20,  has  also  been  described.^ 

A  number  of  very  complex  tungstates,  in  which  rare  earth  and  tungstic 
anhydride  are  in  the  ratio  M2O3 : 16WO3,  have  been  prepared  by  Rogers  and 
E.  F.  Smith.2  The  formulae  of  these  compounds  are  given  below  : — 


2(NH^)20.Ce203. 1 6WO3. 2H2O 

2(NHl0.Pr20„.16W0o.l6H20 
4BaO.P1-2O3.l6WO3.7H2O 
6BaO.Pr2O3.l6WO3.9H2O 
4Ag2O.Pr2O3.l6WO3.8H2O 

Silicotungstates,  M4(Wi2Si043)3 


2  (NH4)20.  La203. 1 6 WO3. 1 6H2O 
5BaO.  La203. 1 6 W  O3. 1 6H2O 
5Ag20.La,03.16W03.4H20 
3(NH  j20.Nd203. 1 6 WO3. 2OH2O 
6BaO.  Nd203. 1 6WO3. 1 7H2O 


i.e,  2M203.[12W03.Si02]3. — normal 
and  acid  silicotungstates  of  the  rare  earth  elements  are  soluble  salts  which 
crystallise  weU.  They  have  been  examined  by  Wyrouboff.^  The  following 
types  of  normal  salts  are  known  : — 

(i.)  M^(W.,2Si0^o)3.78H20,  crystallising  in  the  trigonal  system  (Nd,  Sm, 
Gd,  Tb,  Y,  “  Yb”  salts  known).  The  ratio  cja  (vertical  to  lateral  crystallo¬ 
graphic  axis)  is  as  follows  : — 


Salt.  Nd.  Sm.  Gd.  Tb.  Y.  “Yb.” 

cja  1-6636  1-7244  1-7144  1-7043  1-7120  1-6997 

(ii.)  M4(Wj2Si04Q)3.81H20,  crystallising  in  the  trigonal  system  (La,  Ce,  Pr, 
Nd,  Sm,  Gd  salts  known) ; — 


Salt.  La.  Ce.  “Di.”  Sm.  Gd. 

cja  2-6392  2-6820  2-6663  2-6786  2-6653 


The  cerium  and  “  didymium  ”  salts  are  also  known  in  monoclinic  forms  : — 


Ce  a  :6:c  =  1-7090  : 1  :2-6558,  y8  =  90°  20' 

“Di”  a  :6:c  =  1-7000  :1  :2-6325,  ^  =  90°  10' 


(iii.)  M4(Wj2SiO43)3.90H2O. — Only  the  gadolinium  salt  is  known  (trigonal ; 
a  :  c=  1  : 2-6238). 

The  add  salts  also  fall  into  three  classes  ; — 

(i.)  MH(W22Si04(,).18H20,  crystallising  in  the  triclinic  system  (La,  Ce,  Pr, 
Nd,  Sm,  Gd  salts  known) : — 


Salt. 

LaH(W42Si04(,).18H20 

CeH(Wi2Si0j.l8H20 

“Di”H(Wi2Si04o).18H20 

GdH(W,2Si043).18H20 


a  -.  6  :  c. 

0-4081  : 1  ;  0-4420 
0-3922:1  :  0-4195 
0-4003  :  1  :  0-4262 
0-4127  :  1  :  0-4393 


a. 

89°  34' 
90°  43' 
89°  58' 
89°  20' 


J8. 

93°  8' 
92°  20' 
92°  48' 
92°  35' 


7* 

84°  29' 
84°  38' 
83°  20' 
84°  9' 


^  Scheibler,  J.  praJct.  Chem.,  1861,  83,  273  (Ce) ;  Wyrouboff,  Bull.  Soc.  /rang.  Min., 
1892,  15,  63  (La,  Ce,  “  Di  ”) ;  Cleve,  Chem,  Neius,  1886,  53,  93  (Sm). 

^  Rogers  and  Smith,  J.  Amer.  Chem.  Soc.,  1904,  26,  1474. 

3  Wyrouboff,  Bull.  Soc.frang.  Min.,  1896,  19,  219  ;  1905,  28,  201. 
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(ii.)  MH. (Wj2Si04p). 24 JH2O.  — Monoclinic  crystals  (Tb,  Y,  Er,  “Yb” 
salts  known)  ; — 


Salt. 

TbH(Wi2Si0,Y.24AH20 

YH(W,2SiO,o).24|H20 

“Yb”H(W,2Si04o).24JH20 


a  :  6  :  c.  /8. 

1-0270  : 1  :  1-4132  92°  39' 

1* *0446  :  1  ;  1-4835  92°  4' 

1-0356:1:1-4747  92°  5' 


(iii.)  MH(W;j2Si04o)*25^H20. — Only  the  erbium  salt  is  known  (trigonal ; 
ci:c=l  :  1-7244). 

It  is  an  interesting  fact  that  the  normal  silicotungstates  of  lanthanum, 
cerium,  and  “didymium”  with  8IH2O  are  isomorphous  with  thorium  silico- 
tungstate  and  the  silicotungstates  of  calcium  and  strontium  (see  p.  234). 


The  Eare  Earth  Elements  and  the  Nitrogen  Group. 

Nitrides,  MN. — The  fact  that  the  rare  earth  metals  combine  directly 
with  nitrogen  to  produce  nitrides  was  discovered  by  Matignon.  The  com¬ 
pounds  are  of  the  type  as  Muthmann,  Kraft,  and  Beck  have  shown, 

and  are  readily  prepared  by  heating  the  metals  to  900°  in  nitrogen.  Moissan 
has  demonstrated  the  formation  of  nitrides  when  the  carbides  are  heated  to 
1000°  in  ammonia,  and  Dafert  and  Miklauz  ^  have  shown  that  cerous  nitride 
may  be  obtained  in  a  pure  condition  by  heating  the  hydride  to  800°-900°  in 
pure  nitrogen.2 

The  nitrides  are  brittle,  amorphous  solids,  the  cerium  compound  being 
brass-yellow  and  the  compounds  of  lanthanum,  praseodymium,  and  neodymium 
black  in  colour.  They  are  decomposed  by  moist  air  or  by  water,  hydroxides 
and  ammonia  being  produced.  The  atomic  heat  of  nitrogen  in  the  cerium 
and  lanthanum  compounds  is  4-9.® 

Nitrites,  M(N02)3. — Practically  nothing  is  known  of  the  rare  earth 
nitrites.  A  number  of  platinonitrites  and  platino-iodonitrites  have  been  pre¬ 
pared  by  Nilson.^ 

Nitrates,  M(N03)3. — These  salts  are  readily  obtained  in  solution  by  dis¬ 
solving  the  sesqui-oxides,  hydroxides,  or  carbonates  in  nitric  acid,  or  by 
oxidising  the  oxalates  with  hot,  concentrated  nitric  acid.  They  are  readily 
soluble  in  water,  from  which  the  majority  crystallise  as  hexahydrates, 
M(N03)3.6H20.  They  are  readily  soluble  in  alcohol  and  also  in  acetone.® 
When  heated  they  decompose,  giving  rise  to  basic  salts  and  finally  to 
the  oxides. 

The  solubilities  of  a  number  of  the  hexahydrates  in  water  at  25°  are  as 
follows  (in  parts  of  anhydrous  nitrate  per  100  of  water) : — ® 

La(N03)3.6H20,  151-1;  Y(N03)3.6H20,  141-6 

Nd(N03)3.6H20,  152-9 ; 

1  These  chemists  deny  that  cerous  nitride  may  he  prepared  hy  heating  cerium  in  nitrogen. 

®  Matignon,  Compt.  rend.,  1900,  131,  837  (La,  Ce,  Pr,  Nd,  Sm) ;  Moissan,  ibid.,  1900, 
131,  695,  865  (Pr,  Nd)  ;  Muthmann  and  Kraft,  Annalen,  1902,  325,  261  (Ce,  La) ; 
Muthmann  and  Beck,  ibid.,  1904,  331,  58  (Pr,  Nd) ;  Dafert  and  Miklauz,  Monatsh.,  1912, 
33,  911  (Ce). 

®  Kellenhei-ger  and  Kraft,  Annalen,  1902,  325,  279.  Temperature  interval  not  stated. 

*  Nilson,  Nova  Acta  Soc.  Upsala,  1879,  [iii.],  10,  No.  16;  Ber.,  1876,  9,  1722  ;  1878, 
II,  879. 

®  Barnehey,  J.  Amer.  Chem.  Soc.,  1912,  34,  1174. 

®  James  and  Pratt,  J.  Amer.  Chem.  Soc.,  1910,  32,  873  (Y) ;  James  and  Robinson,  ibid., 
1913,  35,  754  (Nd) ;  James  and  Whittemore,  ibid.,  1912,  34,  1168  (La). 
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The  solubilities  are  diminished  by  the  addition  of  nitric  acid,  but  from  con¬ 
centrated  nitric  acid  (dens.  r4)  the  pentahydrates,  M(N03)3.5H20,  usually 
separate  out.  The  fractional  crystallisation  of  the  nitrates  is  often  used  in 
separating  the  rare  earths. 

The  hexahydrates  crystallise  in  the  triclinic  system,  as  the  following 
results  ^  indicate  ; — ■ 


La(N03)3.6H20 
Ce(N03)3.6H20 
“Di(N03)3.6H20  ” 
Gd(N03)3.6H20 


a:h  -.c. 

0-8345  : 1  ;  0-6215 
0-8346  :  1  :  0-6242 
2-4035  :  1  ;  1-8597 
0-5571  :1  :  0-7615 


79°  12' 
78°  54' 
69°  6' 
90°  6' 


101°  58' 
102°  9' 
97°  30' 
109°  55' 


7- 

92°  18' 
92°  3' 

92°  48' 
109°  48' 


The  nitrates  of  neodymium,  lanthanum,  and  yttrium  have  been  shown  to  be 
isodimorphous  with  bismuth  nitrate  (p.  234). 

Since  double  nitrates  are  rather  uncommon,  it  is  interesting  to  notice  that 
the  nitrates  of  the  rare  earth  metals  form  numerous  double  salts,  of  great 
practical  value.  The  nitrates  of  the  metals  of  the  cerium  group  form  double 
ammoniwm  nitrates  of  the  type  2(NH^)N03.M(N03)g.4H20,  crystallising  in 
monoclinic  prisms.^ 

2(NH4)N03.La(N03)3.4H20  a  ;  6  :  c  =  1-2475  : 1  :  2-1863  ;  y8=112°36' 

2(NHjN03.Ce(N03)3.4H20  a  :  6  :  c  =  1-2321  : 1  :  2-1695  ;  yS=112°45' 

2(NHjN03.“Di”(N03)3.4H20  a  c  =  1-2449  :  1  :  2-1186  ;  ^=113°  1' 


Of  the  double  nitrates  formed  with  alkali  nitrates,  only  those  containing 
rubidium  are  of  the  type  2MN03.X(N03)3.4H20,  and  isomorphous  with  the 
ammonium  salts.  The  following  data  are  due  to  Wyrouboff : —  ^ 


2flbN03.Ce(N03)3.4H,0 

2IlbN03.La(N03)3.4H20 

2RbN03.Nd(N03)3.4H,0 


a  :b  :c.  /8. 

1-2298:1:0-9910  101°  16' 

1-2349:1:0-9888  101° 

1-2276  :  1  :  1-0153  100°  29' 


The  corresponding  praseodymium-rubidium  salt  has  been  prepared  by  Jantsch 
and  Wigdorow,^  who  have  likewise  prepared  the  thallium  double  salts 

2TlN03.Ce(N03)3.4H20  and  2TlN03.La(N03)3.4H20, 

which  they  state  are  isomorphous  with  the  preceding  salts. 

The  following  melting-points  and  densities  of  the  preceding  doiible  nitrates 
have  been  determined,  mainly  by  Jantsch  and  Wigdorow  : — 


Ce. 

La. 

Pr. 

Nd. 

Ce. 

La. 

Pr. 

Nd. 

NH4 

Rb 

T1 

74° 

70° 

64-6° 

86° 

72° 

63-6° 

47° 

2- 497 

3- 326 

2- 497 

3- 318 

2-161 

2-60 

2-56 

1  Taken  from  Groth,  Chemische  Krystallographie  (Leipzig,  vol.  ii. ,  1908). 

^  Data  from  Groth,  opus  cit.  ;  c/.  Wyrouboff,  Bull.  Soc.frang.  Min.,  1906,  29,  324. 

®  Wyrouboff,  Bull.  Soc.frang.  Min.,  1907,  30,  299  ;  the  choice  of  axes  and  parametral 
plane  is  not  the  same  as  that  for  which  the  preceding  data  concerning  ammonium  salts 
apply. 

^  Jantsch  and  Wigdorow,  Zeitsch.  anorg.  Ghem.,  1911,  69,  221. 
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The  other  double  nitrates  containing  the  alkali  metals  will  be  described 
under  the  headings  of  the  rare  earth  metals.  All  the  double  nitrates  are 
best  crystallised  from  fairly  concentrated  nitric  acid  at  comparatively  low 
temperatures,  e.g.  30°  C.  At  temperatures  above  70°,  anhydrous  double  salts 
separate  out.^  They  are  of  the  type  2M™(N03)3.3M^N0g,  crystallise  in  the 
cubic  system,  and  rotate  the  plane  of  polarised  light.^  When  kept  at  the 
ordinary  temperature,  they  become  converted  into  other  polymorphic  forms 
having  a  low  degree  of  symmetry.® 

With  the  nitrates  of  magnesium,  nickel,  cobalt,  zinc,  and  manganese,  the 
nitrates  of  the  cerium  and  terbium  metals  form  double  salts  of  the  type 
2M“^(N03)3.3M”(N03)2.24H20.  These  double  nitrates  form  a  comprehensive 
group  of  isomorphous  salts,  crystallising  in  the  trigonal  (scalenohedral) 
system,  isomorphous  with  the  corresponding  bismuth  double  salts.  The 
following  values  for  the  ratio  (c)  of  the  vertical  to  the  lateral  axes  have 
been  recorded  : —  ^ 


Mg. 

Mn. 

Ni. 

Co. 

Zn. 

Fe  (ous). 

Ce 

Nd 

“Di” 

Gd 

1-5378 

1-5720 

1-5786 

1-5775 

1-6667 

1-5742 

1-5677 

1-5590 

The  double  salts  melt  in  their  water  of  crystallisation  at  the  following 
temperatures : —  ® 


Mg. 

Mn. 

Ni. 

^  Co. 

Zn. 

La 

113°-5 

87-°2 

110°5 

111-8 

98-0 

Ce  . 

ni-5 

83-7 

108-5 

98-5 

92-8 

Pr  . 

111-2 

81-0 

108-0 

97-0 

91-6 

Nd  . 

109-0 

77-0 

105-6 

95-5 

88-5 

Sm 

96-2 

70-2 

92-2 

83-2 

76-5 

Gd  . 

77-5 

72-5 

63-2 

56-5 

The  order  of  fusibility  is  therefore  the  same  in  each  series. 

The  solubilities  of  the  double  nitrates  in  nitric  acid  (of  density  1'326  at 
16°)  have  been  determined  by  Jantsch.  The  following  data  represent  the 
solubilities  in  gram-molecules  of  salt  per  litre  at  16°  :• — 


Mg. 

Mn. 

Ni. 

Co. 

Zn. 

Ce  . 

0  0382 

0-1103 

0-0460 

0-0632 

0-0675 

La  . 

0-0418 

0-1192 

0-0492 

0-0669 

0-0751 

Pr  . 

0-0503 

0-1442 

0-0568 

0-0794 

0-0888 

Nd  . 

0-0635 

0-1816 

0-0710 

0-0923 

0-1066 

Sm 

0-1583 

0-3047 

0-1760 

0-2072 

0-2179 

Gd  . 

0-2262 

... 

0-2405 

0-2706 

0-2801 

Bi 

0-2503 

0-3742 

0-2612 

0-3090 

0-3215 

1  Except  in  the  case  of  the  sodium  salts  (or  caesium  ?  the  original  paper  is  ambiguous). 

^  Class  28  of  Vol.  I.  p.  53. 

®  Wyrouboff,  Bull.  Soc.  frang.  Min.,  1907,  30,  299  ;  1909,  32,  365. 

^  Geipel,  ZeitscTi.  Kryst.  Min.,  1902,  35,  625  ;  Eook,  ibid.,  1894,  22,  37  ;  Kraus,  ibid., 
1901,  34,  430 ;  Groth,  Chemische  KrystaUographie  (Leipzig,  1906-1910),  vol.  ii. 

®  Jantsch,  Zeitsch.  cmorg.  Chem.,  1912,  76,  303. 
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The  densities  at  0°  C.  and  the  gram-molecular  volumes  of  the  double  nitrates 
are  as  follows,  the  data  being  also  due  to  J antsch  : — 


Mg. 

Mn. 

Ni. 

Co. 

Zn. 

La 

1-988 

768-3 

2-080 

778-6 

2-146 

7.59-7 

2-131 

765-5 

2-161 

763-8 

Ce 

2-002 

764-2 

2-102 

771-6 

2-173 

751-5 

2-157 

757-5 

2-188 

755-5 

Pr 

2-019 

758-0 

2-109 

769-3 

2-195 

744-3 

2-176 

751-1 

2-215 

751-0 

Nd 

2-020 

761-2 

2-114 

771-0 

2-202 

745-3 

2-195 

748-0 

2-208 

750-0 

Sm 

2-088 

742-4 

2-188 

750-3 

2-272 

727-7 

2-237 

739  -2 

2-283 

732-8 

Gd 

2-163 

723-0 

... 

... 

2-356 

707-0 

2-315 

720-5 

2-351 

717-5 

The  more  soluble  of  the  preceding  double  nitrates  are  best  crystallised  from 
nitric  acid. 

The  nitrates  of  the  metals  of  the  yttrium  group  do  not  appear  to  combine 
with  other  nitrates.^ 

Orthophosphates,  MPO4. — Few  phosphates  of  the  rare  earth  elements 
have  been  studied  in  any  detail;  such  information  as  is  available  will  be 
found  under  the  headings  of  the  various  metals.  Certain  phosphates  occur 
naturally,  e.g.  cerous  phosphate  or  monazite  (p.  218)  and  yttrium  phosphate 
or  xenotime  (p.  220). 

When  orthophosphoric  acid  or  an  alkali  orthophosphate  is  added  to  a 
solution  of  a  rare  earth  salt  a  gelatinous  precipitate  of  an  orthophosphate  is 
produced,  which  becomes  crystalline  on  standing.  The  precipitate  is  soluble 
in  excess  of  orthophosphoric  acid,  but  is  reprecipitated  when  the  solution  is 
boiled ;  it  is  also  soluble  in  dilute  mineral  acids. 


The  Rare  Earth  Elements  and  the  Carbon  Group. 

Carbides,  MCg. — The  carbides  of  the  rare  earth  metals  are  readily 
prepared  by  heating  intimate  mixtures  of  the  rare  earths  and  sugar  carbon 
in  the  electric  furnace  : — 

M203-t7C  =  2MC2-t-3C0. 

They  were  first  prepared  by  Pettersson,  and  have  been  examined  in  detail  by 
Moissan.2  It  will  be  noticed  that  the  carbides  of  the  rare  earth  elements  are 
of  the  same  type  as  calcium  carbide,  CaCj,  and  are  not  analogous  to  aluminium 
carbide,  AI4C3. 

The  carbides  are  brittle,  crystalline  solids,  which  in  thin  layers  are  trans¬ 
parent  and  yellow  in  colour.  Their  densities  are  as  follows  : — 

LaCj.  CeCa-  PrCa.  NdCg.  SmCg.'  YCa. 

5-02  5-23  5-10  5T5  6-86  4T3 

The  carbides  burn  in  fluorine  when  warmed,  giving  rise  to  fluorides  and 
carbon.  They  likewise  burn  in  chlorine,  bromine,  and  iodine  vapour  at 


1  For  double  compounds  with  organic  substances,  see  Kolb,  Zeitsch.  anorg.  Ohem.,  1908, 
60,  123 ;  1913,  83,  143  ;  Barbieri  and  Calzolari,  Atti  R.  Accad.  Lincei,  1911,  Iv.l  20 
i.  164. 

2  Pettersson,  Ber.,  1895,  28,  2419  (Ce,  La) ;  Moissan,  Compt.  rend.,  1896,  122,  357  (Ce)  ; 
123,  148  (La);  1900,  131,  595  (Pr,  Nd),  924  (Sm) ;  Moissan  and  l&tard,  ibid.,  1896,  122, 
573  (Y);  Moissan,  Ann.  Chim.  Phys,,  1896,  [vii.],  9,  302  (La,  Ce) ;  1901,  [vii.],  22,  110 
(Sm) ;  Muthmann,  Hofer,  and  Weiss,  Annalen,  1902,  320,  231  (Ce). 
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temperatures  considerably  below  a  red  heat,  and  yield  chlorides  or  iodides, 
hydrogen  and  carbon  when  heated  in  a  stream  of  hydrogen  chloride  or  iodide. 
At  a  red  heat  they  are  decomposed  by  hydrogen  sulphide,  and  burn  readily 
when  heated  in  a  stream  of  oxygen.  They  are  decomposed  by  sulphur 
vapour,  but  only  slowly ;  selenium  at  a  red  heat  has  more  action  than  sulphur 
on  the  carbides.  At  1200°  they  are  decomposed  by  nitrogen  (or  better, 
ammonia),  nitrides  being  formed.  The  carbides  are  unattacked  by  cold,  con¬ 
centrated  nitric  and  sulphuric  acids,  but  the  latter  acid  oxidises  them  slowly 
when  heated.  They  are  decomposed  by  fusion  with  potassium  hydroxide, 
carbonate,  nitrate,  chlorate,  or  permanganate. 

The  most  interesting  property  of  the  rare  earth  carbides  is  their  behaviour 
towards  cold  water,  which  rapidly  decomposes  them  with  the  evolution  of  gas, 
the  formation  of  a  little  liquid  (unsaturated  hydrocarbons),  and  the  precipi¬ 
tation  of  hydroxides,  M(OH)3.^  The  chief  constituent  of  the  gas  evolved  is 
acetylene  (68-72  per  cent.);  the  constituents  next  in  quantity  are  hydrogen 
(5-14  per  cent.)  and  ethane  (8-13  per  cent.).  Both  the  acetylene  and  the 
ethane  are  accompanied  by  small  amounts  of  their  homologues.  Ethylene  is 
also  present  (5-9  per  cent.),  but  methane  is  absent.  Apparently  the  initial 
reaction  is : — 

MCg  -F  SHgO  =  M(OH)g  -P  CgHg  -f-  Hg, 

followed  by  the  hydrogenation  of  part  of  the  acetylene  to  ethylene  and 
ethane.2 

Carbonates,  1^2(003)3. — That  the  rare  earths  are  strongly  basic  oxides 
is  indicated  by  the  fact  that  normal  carbonates  of  the  rare  earth  elements  are 
easily  prepared.  They  may  be  obtained  in  the  crystalline  form  by  passing 
a  current  of  carbon  dioxide  through  aqueous  suspensions  of  the  hydroxides, 
and  as  amorphous  or  crystalline  precipitates  by  adding  a  very  dilute  solution 
of  an  alkali  carbonate  or  bicarbonate  to  dilute  solutions  of  rare  earth  salts. 

The  normal  carbonates  are  insoluble  in  water.  When  the  precipitated 
carbonates  are  allowed  to  stand  in  contact  with  concentrated  alkali  carbonate 
solutions,  they  are  transformed  into  crystalline  double  carbonates.  The  double 
salts  may  be  directly  precipitated  by  adding  a  concentrated  solution  of  a  rare 
earth  salt,  drop  by  drop,  to  a  cold,  concentrated  solution  of  an  alkali  carbonate, 
(i.)  The  double  salts  of  the  cerium  group  of  metals  are  slightly  soluble  in 
concentrated  sodium  or  ammonium  carbonate,  but  readily  soluble  in  concen¬ 
trated  potassium  carbonate  solution,  the  order  of  increasing  solubility  being 
lanthanum.,  praseodymium,  cerium,  and  neodymium.^  The  potassium  salts  may 
therefore  be  prepared  by  adding  the  requisite  rare  earth  chlorides  to  excess  of 
concentrated  potassium  carbonate  solution,  warming  to  dissolve  the  pre¬ 
cipitates,  cooling,  and  diluting  slightly;  the  potassium-neodymium  and 
potassium-praseodymium  salts  may  be  obtained  in  glittering  needles  by 
the  slow  evaporation  of  their  solutions  in  potassium  carbonate,  (ii.)  The 
double  salts  of  the  yttrium  group  of  elements  are  much  more  readily 
soluble  in  sodium  or  ammonium  carbonate  than  those  of  the  cerium  group, 
particularly  when  warmed.'^  All  the  double  carbonates  are  decomposed 


^  Even  in  the  case  of  cerium. 

®  Damiens,  Gompt.  rend.,  1913,  157,  214;  cf.  the  previous  references. 

®  Hiller,  Inaugural  Dissertation  (Berlin,  1904)  ;  R.  J.  Meyer,  Zeitsch.  anorg.  Chein., 
1904,  41,  97;  Arnold,  Ber.,  1905,  35,  1173. 

*  Drossbach,  Ber.,  1900,  33,  350(3;  Dennis  and  Dales,  J.  Amer,  Chem,  Soc.,  1902,  24, 
400  ;  Arnold,  loc,  cit. 
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by  water  or  dilute  alkali  carbonates,  particularly  the  sodium  salts,  and  the 
salts  of  the  cerium  group  are  more  readily  decomposed  than  those  of  the 


yttrium  group.  -Dirin 

The  sodium,  potassium,  and  ammonium  salts  are  of  the  type  E,2C03. 

M2(C03)g.a;H20,  and  sodium  salts  of  the  type  3Na2C03.2M2(C03)3.a;H20  are 
also  known. 

Cyanides. — The  simple  cyanides  of  the  rare  earth  metals  are  not  known, 
hydroxides  being  precipitated  when  attempts  are  made  to  prepare  the  salts 
from  potassium  cyanide  and  rare  earth  salt  solutions.  The  platinocyanides, 
however,  are  beautiful  crystalline  salts.  Those  of  the  metals  of  the  cerium 
group  are  monoclinic,  yellow  in  colour  with  a  blue  reflex,  and  belong  to  the 
type  Pt3M2(CN)i2.18H20 ;  those  of  the  metals  of  the  terbium  and  yttrium 
groups  are  rhombic,  red  in  colour  with  a  green  reflex,  and  belong  to  the  type 
Pt3M2(CN)i2.21H20;-i 

a-.h-.c,  B.  Density. 


La2Pt3(0N)i2.18H20 

Ce2Pt3(CNX2.18H20 

“Di2’Tt3(CN)i2.18H20 


0-5806  :1  :  0-5527  -  107°  33' 

0-5806  : 1  :  0-5517  107°  29-5' 


2-626 

2-657 


Gd2Pt„(CN)i2.21H20 

Y,Pt,^ON);21H,6 

<‘Er2”Pt3(0N)i2.21H20 


a:h  :c.  Density. 

.  2-563 

0-8920:1:0-6157  2-376 

0-8965:1:0-6194 


Thiocyanates,  M(CNS)3.  — These  salts  are  readily  soluble  in  water 
and  alcohol.  They  form  double  salts  with  mercuric  cyanide,  of  the 
type  M(CNS)3.3Hg(CN)2.12H20.  The  lanthanum  and  cerium  salts  are 
monoclinic : — 


La;  a:f»:c  =  2-2787:l  :  2-5787,  ^  =  92°  37' 
Ce;  a:6:c=2-2921  :1  :2-5655,  y8  =  92°  39' 


but  the  yttrium  and  erbium  salts  are  triclinic  : —  ^ 


Y;  a:6:c  =  2-2815:l  :2-5836, 
“Er”;  a:6:c  =  2-2697:1  :  2-5976, 


a  =  79°47',  ^  =  102°  43',  y  =  88°  21' 
a  =  79°41',  ^  =  102°  43',  y  =  88°30' 


Formates,  (H.COO)3M. — The  formates  of  the  rare  earth  elements  form 
well-defined  crystals.  They  belong  to  the  regular  system,  crystallising  in 
pentagonal  dodecahedra.^  The  formates  of  the  cerium  metals  are  sparingly 
soluble  and  those  of  the  yttrium  group  fairly  readily  soluble  in  water,  the 
formates  of  the  terbium  metals  being  intermediate  in  solubility.  These 
solubility  differences  have  at  times  been  utilised  for  fractionating  the  rare 
earths  (see  p.  347). 

Acetates,  (CH3.COO)3M. — These  salts  are  readily  soluble  in  water. 
Basic  salts  do  not  separate  out  from  dilute  boiling  aqueous  solutions. 


'  Topsbe,  Bihang  K.  Svenska  Vet.-Akad.  Handl.,  1874,  2,  No.  6  ;  Sbderstrbm,  Zeitsch. 
Kryst.  Min.,  1902,  36,  194  (Pr);  Baunihauer,  Zeitsch.  Kryst.  Min.,  1907,  43,  356  (Y)  ; 
Tschirvinski,  ibid.,  1913,  52,  44  (Y) ;  Boguslawski,  Ann.  Physik,  1914,  [iv.],  44,  1077  (Y). 
^  Topsbe,  Bihang  K.  Svenska  Vet.-Akad.  Handl.,  1874,  2,  No.  6. 

®  Behrens,  Arch.  Nierland.,  1901,  [ii.],  6,  67  ;  JJec.  trav.  chim.,  1904,  23,  413. 
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Oxalates,  — The  oxalates  are  readily  obtained  by  the  addition 

of  an  ar{uoons  solution  oi'  oxalic  acid  to  solutions  of  soluble  salts  of  the  rare 
earth  olornonts ;  they  are  perhaps  best  obtained  from  the  nitrates.^  The  oxalates 
arc  first  precipitated  in  the  amorphous  state,  but  on  warming  and  shaking 
they  rapidly  become  crystalline.  The  salts  thus  obtained  are  hydrated,  1 
molecule  of  the  oxalate  being  as  a  rule  associated  with  9,  10,  or  11  molecules 
of  water. 

The  oxalates  of  lanthanum,  cerium,  and  “didymium”  of  the  type 
isornorphous,  crystallising  in  the  monoclinic  system  : —  ^ 

a  :  6  :  c.  /3. 

1-0730 :  1  : 2-1750  92°  27' 

Ce^{Gp').pmp  1-1.300:1:2-0098  96°  13' 

“  Dip{Cp^)pUip  1-0693:1:2-1346  92°  47' 

and  the  onneahydrates  of  lanthanum  and  cerium,  M^(C204)3.9H20,  are  also 
isornorphous,  crystallising  in  the  tetragonal  system.® 

The  oxalates  are  practically  insoluble  in  water.  The  following  table 
contains  the  solubility  determinations  that  have  been  published,  the  data 
representing  milligrams  of  anhydrous  oxalate  per  litre  at  19°-27°  0.  : — 


Solid  Phase. 

A. 

B. 

C. 

D. 

La,(C.,O4)3.10H2O . 

0-62 

0-70 

0-96 

1-21 

Oe-^fOAls-lOH^O . 

0-41 

0-45 

0-81 

0-99 

Pr„(C3O4)3.10H2O  .  .  •  .  .  . 

N4(C2OP3.10H.p . 

0-74 

.  .  . 

.  i . 

0-49 

0-h 

0-59 

0-73 

8012(0204)3.  1  OH2O  ..... 

0-54 

.  .  . 

... 

. 

1-00 

,  ,  . 

“Yb,;’(c.Ab-i0H.3O  .... 

3-34 

... 

... 

The  values  given  under  A  were  determined  by  llimbach  and  Schubert  ^  by 
the  electrical  conductivity  method.  The  other  values  are  due  to  Hauser  and 
Herzfeld ;  ®  those  given  under  B  were  determined  from  conductivity  measure¬ 
ments,  and  those  under  C  and  D  by  the  gravimetric  and  volumetric  analyses 
of  the  saturated  solutions.  The  determinations  are  only  approximately 
correct,  but  they  show  the  oxalates  of  the  yttrium  group  to  be  more  soluble 
in  water  than  those  of  the  cerium  group. 

The  oxalates  are  slightly  soluble  in  dilute  mineral  acids,  the  solubilities 
increasing  with  the  concentration  of  the  acid  and  with  the  temperature.  The 
solubilities  in  aqueous  sulphuric  acid  at  25°  have  been  carefully  determined 
for  a  few  oxalates;®  the  results  are  shown  graphically  in  fig.  21,  in  which. 


1  On  the  precipitation  of  the  pure  oxalates,  see  the  section  on  analytical  chemistry 
(p.  368). 

2  Wyrouboff,  Bull.  Soc.  franq.  Min.,  1901,  24,  105  ;  1902,  25,  66. 

3  WyroubofF,  ibid.,  1901,  24,  111. 

^  Rimbach  and  Schubert,  Zeilsch.  physilcal.  Chem.,  1909,  67,  183. 

®  Cited  in  Meyer  and  Hauser,  Die  Analyse  der  seltenen  Erden  und  der  Erdsduren 
(Stuttgart,  1912),  p.  61. 

®  Hauser  and  Wirth,  Zeitsch.  anal.  Chem.,  1908,  47,  389  ;  Wirth,  Zeitsch.  anorg.  Chem., 
1912,  76,  174;  Meyer  and  Wassjuchnow,  cited  in  Meyer  and  Hauser,  opus  cit.  (Nd);  cf. 
Brauner,  Trans.  Chem.  Soc.,  1898,  73> 
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instead  of  plotting  the  amounts  of  the  oxalates  contained  in  the  solutions, 
the  equivalent  qualities  of  the  oxides  have  been  indicated.  The  solubilities 
of  scandium  and  thorium  oxalates  have  also  been  indicated  for  purposes  of 
comparison.  Were  it  not  for  the  position  of  the  erbium  oxalate  curve,  it 


Fig.  21. — Solubilities  of  the  oxalates  of  some  of  the  rare  earth  elements 
in  aqueous  sulphuric  acid  at  26°  C. 


might  be  concluded  that  the  more  basic  the  rare  earth,  the  more  soluble  is 
the  corresponding  oxalate  in  sulphuric  acid. 

A  few  of  the  experimental  results  for  the  solubilities  are  contained  in  the 
following  table,  the  data  denoting  grams  of  oxide  (CeOg  in  the  case  of  cerium) 
or  anhydrous  oxalate  per  100  grams  of  saturated  solution  : — 
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Normality 

Suli)lmric 

Acid. 

Solubility  of  Oxalate 
in  Terms  of 

Normality 

of 

Sulphuric 

Acid. 

Solubility  of  Oxalate 
in  Terms  of 

Oxide. 

Anhydrous 

Oxalate. 

Oxide. 

Anhydrous 

Oxalate. 

Lar^f  0204)3.  IOIT2O. 

Sm2(C2O4)3.10H2O. 

010 

0-0208 

0-0346 

0-10 

0-0058 

0-0094 

O'BO 

0  0979 

0-1628 

0-60 

0-0313 

0-0607 

1-00 

0-2383 

0-3962 

1-00 

0-0627 

0-1016 

1-60 

0-3190 

0-6304 

1-445 

0-1114 

0-1804 

2-00 

0-4417 

0-7344 

2-39 

0-1914 

0-3099 

3-20 

0-7632 

1-2690 

4-32 

0-4328 

0-7008 

062(0204)3,  IOH2O. 

Gd2(C2O4)3.10H2O. 

0-10 

0-0136 

0-0216 

2-16 

0-1883 

0-3005 

0-60 

0  0624 

0-0828 

3-11 

0-3010 

0-4803 

1-00 

0-1140 

0-1802 

4-32 

0-4369 

0-6956 

1-446 

0-1764 

0-2788 

Y2(C204 

3.  9II2O, 

2-39 

0-3083 

0-4873 

3-90 

0-6300 

0-9967 

2-16 

0-352 

0-6884 

Nd2(  0204)3.  IOH2O. 

4-32 

0-7236 

1-4000 

0-60 

0-0336 

0-0662 

Er2(C204) 

3.I4H2O. 

1-00 

0-0762 

0-1236 

2-16 

0-329 

0-514 

2-00 

0-1872 

0  3074 

3-11 

0-493 

0-771 

6-00 

0-6603 

1-0840 

4-32 

0-704 

1-100 

When  the  concentration  of  the  sulphuric  acid  exceeds  a  certain  value,  the 
stable  solid  phase  in  contact  with  the  solution  changes  from  the  oxalate  to 
the  sulphate.^ 

The  oxalates  of  the  rare  earth  elements  are  more  soluble  in  aqueous 
hydrochloric  than  in  sulphuric  acid,  differing  in  this  respect  from  scandium' 
oxalate  (see  p.  214).  This  will  be  seen  from  fig.  22,  where  the  results 
for  cerous,  neodymium,  and  scandium  oxalates  are  represented  graphically. 
The  numerical  data  ^  are  as  follows,  in  grams  of  anhydrous  oxalate  per  100 
grams  of  solution  : — 


Normality  of  HCl. 

0-125. 

0-25. 

0-5. 

1-0. 

1-5. 

2. 

3. 

4. 

5. 

062(0204)3. IOH2O  . 
Nd2(O2O4)3.10H2O. 

0-0161 

0-0343 

0-0812 

0-0270 

0-1974 

0-0732 

0-3.^5 

0-532 

0-333 

0-977 

1-555 

1  -7k 

From  hot,  concentrated  hydrochloric  acid,  the  oxalochlorides  of  the  rare 
earth  elements,  M(C204)Cl.a::H20,  may  be  obtained.® 

The  oxalates  of  the  rare  earth  elements  are  practically  insoluble  in 
aqueous  oxalic  acid,  thereby  resembling  thorium  and  scandium  oxalates, 
but  differing  from  the  zirconium  salt.  Moreover,  the  addition  of  a  moder¬ 
ate  amount  of  oxalic  acid  greatly  reduces  the  solubilities  of  the  oxalates  in 
mineral  acids,  a  fact  of  great  practical  importance.  The  extent  by  which  the 


^  See  Wirth,  Zeitsch.  anorg.  Chem.,  1908,  58,  213, 
^  Taken  from  Meyer  and  Hauser,  opus  cit, 

®  Job,  Oompt,  rend.,  1898,  126,  246. 
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Normality  oF  Acid 

Fig.  22, — Solubilities  of  the  oxalates  of  cerium,  neodymium,  and  scandium  in 
aqueous  hydrochloric  and  sulphuric  acids  at  25°  C. 
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solubility  is  diminished  may  be  seen  by  comparing  the  results  given  in  the 
following  table  ^  with  those  already  quoted  (solubilities  in  grams  of  anhydrous 
oxalate  per  100  grams  of  solution  at  25°  C.)  : — 


Normality  of 

Solubility  of 

HaS04. 

H2C2O4. 

La2(C2O4)3.10H2O. 

Oe2(C2O4)3.10H2O. 

81112(0204)3.10^120. 

0-05 

0-05 

0-0030 

0-50 

0-05 

0-6^4 

0-0105 

0-25 

0-25 

0-0099 

0-0046 

... 

0-05 

0-50 

0-0039 

0-0025 

0*0009 

0-25 

0  50 

0-0069 

... 

0-50 

0-50 

0-0090 

0-00102 

0-6010 

0-96 

0-50 

0-0138 

.V. 

0-0032 

1-19 

0-60 

0-0203 

... 

0-0042 

1-44 

0-50 

0-0293 

0-0057 

170 

0-50 

0-0369 

0-0080 

The  diminution  in  the  solubility  of  lanthanum  and  cerous  oxalates  in  aqueous 
sulphuric  acid,  brought  about  by  saturating  the  solutions  with  oxalic  acid, 
is  shown  graphically  in  fig.  21  by  the  dotted  lines,  which  represent  the 
results  of  Wirth. 

The  oxalates  of  the  cerium  group  are  practically  insoluble  in  dilute 
aqueous  solutions  of  alkali  oxalates ;  those  of  the  yttrium  group  are 
perceptibly  soluble.  One  gram  of  ammonium  oxalate  dissolved  in  38  grams 
of  water  at  20°  C.  dissolves  the  oxalates  in  qiiantities  equivalent  to  the 
following  amounts  of  oxides  : —  ^ 


Oxide. 

^3*2^3* 

Pi’203. 

Nd203. 

CeaOj. 

Y2O3. 

“Yb2”03. 

ThOa. 

Grams  dissolved  . 
Relative  solubilities  . 

0-00023 

1-0 

0-00023 

1-1 

0-00034 

1-4 

0-00042 

1-8 

0-00256 

11-0 

0-0244 

104-0 

0-620 

2663 

It  is  clear  that  the  order  of  increasing  solubility  of  the  oxalates  is  approxi¬ 
mately  the  order  of  decreasing  basic  strength  of  the  corresponding  oxides. 
The  slight  solubilities  of  the  oxalates  of  the  rare  earth  elements,  in  comparison 
with  the  solubility  of  thorium  oxalate,  is  also  obvious. 

Ammonium  and  potassium  oxalates  are  better  solvents  for  the  oxalates  of 
the  yttrium  group  than  sodium  oxalate.  The  solubility  of  the  oxalates  of 
the  rare  earth  elements  in  solutions  of  these  salts  is  connected  with  the  fact 
that  double  or  complex  oxalates  are  produced.  In  the  yttrium  group  the 
double  ammonium  oxalates  may  be  readily  prepared  by  dissolving  the  rare 
earth  oxalates  in  hot,  concentrated  ammonium  oxalate  and  cooling  the 
solutions  ;  the  salts  thus  obtained  are  of  considerable  value  for  the  separation 
of  the  yttria  earths.  Various  double  oxalates  are  stated  to  be  formed  merely 


'  Hauser  aud  Wirth,  loe,  cit. 

2  These  results  appear  to  be  in  error. 

®  Brauner,  Trans.  Chem.  Hoc. ,  1898,  73)  951- 
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by  the  addition  of  soluble  salts  of  the  rare  earth  elements  to  concentrated 
solutions  of  ammonium  or  an  alkali  oxalate  (see  pp.  425,  431). 

In  consequence  of  this  tendency  towards  the  formation  of  double  oxalates, 
occlusion  of  soluble  oxalate  occurs  to  a  notable  extent  when  the  oxalates  of 
the  rare  earth  elements  are  precipitated  by  means  of  soluble  oxalates  instead 
of  oxalic  acid.  This  is  the  case  even  with  the  oxalates  of  the  cerium  group. ^ 

It  has  been  mentioned  that  oxalochlorides  may  be  prepared  by  crystallising 
solutions  of  the  oxalates  in  hot,  concentrated  hydrochloric  acid.  These  salts 
may  also  be  prepared  by  dissolving  the  oxalates  in  concentrated  solutions  of 
the  corresponding  chlorides.^  Analogous  oxalobromides  and  oxalo-iodides  are 
stated  by  Job  to  exist.  The  oxalates  are  about  as  soluble  in  dilute  nitric  as 
in  dilute  hydrochloric  acid,  and  may  be  crystallised  unchanged  from  the 
solution,  but  when  heated  with  concentrated  nitric  acid  decomposition  ensues 
and  oxalonitrates  are  produced.®  On  further  heating  with  boiling,  con¬ 
centrated  nitric  acid,  the  oxalonitrates  are  readily  oxidised  to  nitrates.  The 
conversion  of  oxalate  into  nitrate  in  this  manner  proceeds  very  readily  in  the 
case  of  the  cerium  salt,  the  presence  of  which  also  has  a  very  marked  catalytic 
effect  in  increasing  the  rates  of  oxidation  of  the  other  oxalates.* *  Oxalo¬ 
nitrates  may  in  certain  cases  be  produced  by  dissolving  the  oxalates  in  con¬ 
centrated  solutions  of  the  corresponding  nitrates  (see,  e.g.,  p.  420).  It  is 
probable  that  oxalosulphates  may  also  be  prepared. 

When  heated,  the  oxalates  first  lose  their  water  of  crystallisation,  but  it 
is  almost  impossible  to  obtain  the  pure,  anhydrous  oxalates,  decomposition 
commencing  before  the  last  traces  of  water  are  expelled.  In  decomposing, 
the  oxalates  first  evolve  carbon  monoxide,  leaving  behind  the  carbonates, 
and  the  latter  then  lose  carbon  dioxide  and  leave  the  oxides.  When  thus 
heated  to  redness  in  air,  cerous  oxalate  leaves  a  residue  of  ceria,  CeOj, 
praseodymium  and  terbium  oxalates  leave  peroxides  of  the  (approximate) 
composition  M^Oj.,  and  the  other  oxalates  leave  the  sesqui-oxides,  MgOg,  as 
residues. 

The  oxalates  of  the  rare  earth  elements  are  extremely  important  sub¬ 
stances  from  the  practical  point  of  view.  At  times  they  may  be  conveniently 
prepared  by  heating  the  precipitated  hydroxides,  carbonates,  or  double  alkali 
sulphates  with  aqueous  oxalic  acid.  It  is  often  necessary  to  transform  the 
oxalates  into  soluble  salts.  The  conversion  into  nitrates  by  heating  with 
nitric  acid  has  been  mentioned.  The  oxalates  may  be  transformed  into 
anhydrous  sulphates  by  heating  with  concentrated  sulphuric  acid.  By 
heating  with  concentrated  alkali  hydroxide  (preferably  potassium  hydroxide) 
they  may  be  converted  into  the  hydroxides,  which  may  then  be  dissolved  in  a 
suitable  acid.  The  transformation  from  oxalate  to  another  salt  may  often  be 
readily  carried  out  by  first  igniting  the  oxalate  to  oxide  and  then  dissolving 
the  latter  in  an  acid,  unless  a  mixture  of  oxides  is  obtained  containing  more 
than  45-50  per  cent,  of  ceria.® 

Ethylsulphates,  M(02H5.S04)g.9H20.— The  ethylsulphates  of  the  rare 
earth  metals  are  beautifully  crystalline  salts.  They  may  be  prepared  by  two 


1  Baxter  and  Griffin,  J.  Amer.  Chem.  Soc.,  1906,  28,  1684;  Baxter  and  Daudt,  ibid., 
1908,  30,  563.  See  also  p.  368. 

Matignon,  Ann.  Ghim.  Phys.,  1906,  [viii.],  8,  243. 

®  Brauner,  Trans.  Chem.  Soc.,  1898,  73,  951  ;  R.  J.  Meyer  and  Marckwald.  Per., 
1900,  33,  3003.  ’ 

*  Barbieri  and  Volpino,  Atti  E.  Accad.  Lincei,  1907  [v.],  16,  i.  399. 

®  For  the  necessary  procedure  in  such  a  case,  see  p.  332. 
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methods :  (i.)  double  decomposition  between  barium  ethylsulphate  and  the 
rare  earth  sulphates,  rigorously  exempt  from  free  acid,  and  crystallisation  of 
the  liquid  at  as  low  a  temperature  as  possible  after  removing  the  barivim 
sulphate;^  and  (ii.)  double  decomposition  between  alcoholic  solutions  of 
sodium  ethylsulphate  and  the  rare  earth  chlorides,  sodium  chloride  being 
precipitated.  2 

The  ethylsulphates  form  a  strictly  isomorphous  series  of  salts,  crystallis¬ 
ing  from  water  as  the  hydrated  salts  M(C2H5.S04)3.9H20,  which  belong  to  the 
bipyramidal  class  of  the  hexagonal  system.  Twelve  of  them  have  been  care¬ 
fully  examined  by  J aeger,  to  whom  the  following  data  are  due  ; —  ^ 


Salt  of 

Density 
at  25°. 

Molec. 

V  olume. 

Axial  Ratios 
a  :  c. 

Salt  of 

Density 
at  25°. 

Molec. 

Volume. 

Axial  Ratios 
a  :  c. 

La 

1-845 

366-6 

1  : 0-5073 

Gd^ 

1-919 

362-0 

1 :  0-5050 

Ce 

1-930 

351-1 

1 :  0-5075 

Dy 

1-942 

360-4 

1  : 0-5050 

Pj.3 

1-876 

361-4 

1  :  0-5058 

Y 

1-764 

354-9 

1  :  0-5035 

Nd3 

1-883 

362-1 

1 :  0-5068 

Er 

1-907 

369-8 

1  : 0-5053 

Sm 

1-904 

361-3 

1  :  0-5072 

Tm 

2-001 

352-8 

1  ;  0-5044 

Eu 

1-909 

361-2 

1  :  0-5058 

Yb 

2-019 

351-4 

1  :  0-5079 

According  to  Jaeger,  in  no  case  does  the  axial  ratio  a  :  c  differ  from  the  mean 
value  1  : 0'6062  ±  0'0012  by  more  than  can  be  attributed  to  experimental 
error.  Scandium  ethylsulphate,  moreover,  is  not  isomorphous  with  the  pre¬ 
ceding  salts.® 

The  ethylsulphates  are  extremely  useful  salts  to  use  for  the  fractional 
crystallisation  of  the  earths  of  the  yttrium  group. 

Acetylacetonates,®  M(OH3.CO.CH.CO.CH3)g. — These  substances  may 
be  prepared  by  shaking  the  hydroxides  with  a  dilute  alcoholic  solution  of 
acetylacetone,  or,  more  simply,  by  adding  a  slightly  ammoniacal  solution  of 
acetylacetone  to  a  neutral  solution  of  the  chloride  or  nitrate.  They  are 
sparingly  soluble  in  water,  but  may  be  crystallised  from  aqueous  alcohol  or 
organic  solvents  such  as  benzene,  chloroform,  etc. 

The  melting-points  of  the  acetylacetonates  are  not  very  definite.  W.  Biltz 
gives  the  following  values : — 

La.  Ceiii.  Pr.  ,  Nd.  Sm. 

186°  131-2°  146°  144-6°  146-7° 

The  cerous  compound  forms  a  trihydrate,  m.p.  145°  C.  The  acetylacetonates 
cannot  be  sublimed  without  decomposition  taking  place.  In  this  respect,  and 


1  \jTha.\a,  Bull.  Soc.  chim.,  1898,  [hi.],  19,  376  ;  Ann.  Ghim.  Phys.,  1900,  [vii.],  19, 
184  ;  J.  Chim.  phys.,  1906,  4,  56. 

2  James,  J-.  Amer.  Chem.  Soc.,  1912,  34,  767. 

®  Of.  Morton,  Zeitsch.  Kryst.  Min.,  1887,  12,  517. 

■*  Cf.  Benedicks,  Zeitsch.  anorg.  Chcm. ,  1900,  22,  413. 

®  Jaeger,  Proc.  K.  Akad.  Wetensch.  Atnsterdam,  1914,  16, 1095  ;  Rec.  trav.  chim.,  1914, 
33,  342. 

6  Urbain,  Bull.  Soc.  chim.,  1897,  [hi.],  17,  98  ;  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  184  ; 
Urbain  and  Budiscbovsky,  Gompt.  rend.,  1897,  124,  618  ;  Hantzsch  and  Desch,  Annalen,’ 
1902,  323,  1  (La);  W.  Biltz,  ibid.,  1904,  331,  334  (La,  Co,  Pr,  Nd,  Sm);  W.  Biltz  and 
Clinch,  Zeitsch.  anorg.  Chem.,  1904,  40,  218  ;  James,  J.  Amer.  Chem.  Soc.,  1911,  33,  1332 
(Tm)  ;  G.  T.  Morgan  and  H,  W.  Moss,  Trans.  Chem.  Soc.,  1914,  105,  189  (Y). 
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in  crystalline  form/  they  differ  from  the  scandium  compound.  In  solution 
they  exist  mainly  as  double  molecules,  M2(CH3.CO.CH,CO.CH3)(..^  The 
acetylacetonates  form  crystalline,  addition  compounds  with  ammonia,  sub¬ 
stituted  ammonias,  and  pyridine. 

Other  Organic  Salts. — In  the  hope  of  finding  suitable  compounds  for 
effecting  the  fractionation  of  the  rare  earths,  numerous  organic  salts  of  rare 
earth  elements  have  been  prepared.® 

The  malonates  are  sparingly  soluble  crystalline  salts,  prepared  from 
the  hydroxides  of  the  metal  and  malonic  acid.  The  following  have  been 
described ; — 


LaJCH2(COO)2' 

CeiCH2(COO)o] 

Pr2[CH2(COO)2] 

Nd2[CH2(COO)2 


).5H20 

[.5H2O 

I.6H2O 

].6H„0 


Sm2[CH2(C00)J.6H20 

Gd2rCH2(C00)2].8H20 

Y,fcH,(000)j5H,0 

Er2[CH2(COO)2].10H2O 


In  the  cerium  group  the  salts  form  monoclinic  plates;  in  the  yttrium  group 
they  crystallise  in  rhombic  needles.^ 

The  glycollates,  like  the  malonates,  are  sparingly  soluble  crystalline 
salts.  In  the  cerium  grpup  the  salts  are  anhydrous.  The  following  solu¬ 
bilities,  in  grams  of  salt  per  litre  of  solution  at  18°,  are  due  to  Jantsch 
and  Griinkraut : —  ® 


La[CH2(OH)COO 

Ce[CH2(OH)COO 

Pr[CH2(OH)COOt 

Nd[CH2(OH)COO], 


3-328 

3-663 

3- 578 

4- 609 


Sm[CH2(OH).COO]  6-373 

Gd[CH2(0H).C00].2H20  14-147 

Y[CH2(0H).C00].2H20  2-447 


The  cacodylates  ®  are  of  interest,  since  those  of  the  cerium  group  are 
readily  soluble  and  those  of  the  yttrium  group  practically  insoluble  in  cold 
water.  The  solubilities  at  26°,  in  grams  of  salt  dissolved  by  100  grams  of 
water,  are  as  follows  : — 


La[(CH3)2As02]3.a:H20 
Ce  (CH3)2As02  g.ajHqO 
Pr[(CH3)2As02]3.8H20 
Nd[(CH3)2As02i3.8H20 


V.  sol. ; 
V.  sol. ; 
8-43  ; 
5-13; 


Sm[(CHg)2As02].8H,0  1-60 

Y[(CH3)2As02].9H,d  insol. 
Tm[(CH3)2As02].8H20  insol. 


The  cacodylates  form  double  salts  with  the  rare  earth  chlorides,  nitrates,  etc. ; 
they  are  crystalline  and  sparingly  soluble  in  water.  The  lanthanum,  cerium, 
and  neodymium  salts  of  the  type  2M[(CHg)2As02]3.MCl3.18H20  have  been 
analysed. 


1  Jaeger,  loc.  eit. 

^  See  p.  236. 

®  A  list  will  be  found  under  the  heading  of  each  of  the  rare  earth  elements  ;  see  Chaps. 
XII.,  XIII.,  and  XIV. 

*  Erdmann  and  Wirth,  Annalen,  1908,  361,  190  (La,  Ce,  Pr,  Nd,  Sm,  Gd,  Y,  Er) ; 
Rimbach  and  Kilian,  ibid.,  1909,  368,  110  (Ce) ;  Holmberg,  Zeitseh.  anorg.  Chcm.,  1907,  S3, 
83  (La,  Ce,  Y). 

®  Jantsch  and  Griinkraut,  Zeitseh.  anorg.  Chem.,  1912,  79,  305.  See  also  Rimbach  and 
Kilian,  Annalen,  1909,  368,  110  (Ce) ;  James,  Hoben,  and  Robinson,  J.  Amer.  Chem.  Soc., 
1912,  34,  276  (Sm) ;  Pratt  and  James,  ibid.,  1911,  33,  1330  (Y). 

^  Whittemore  and  James,  J.  Amer.  Chem.  Soc.,  1913,  35,  127. 
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The  sebacates  are  of  interest  owing  to  the  fact  that  they  are  of  value 
in  quantitative  analysis.  The  following  have  been  described : — ^ 


La2[C8Hi6(C00)2]3.2H20 

Pr2[C8Hi6(C00)2]3.2H20 

miG,R,,{C00),l.3R,0 


Sm2[C8H,e(C00)2]3.4H20 

Y2[bUxe;eoo)2]:iH2d 


The  dimethylphosphates,  M[(CH3)2P0J3,  are  of  considerable  practical 
value.  In  the  cerium  group  they  are  readily  soluble  and  in  the  yttrium 
group  sparingly  soluble  in  water,  and  all  the  salts  are  less  soluble  in  hot 
water  than  in  cold.  With  the  exception  of  the  lanthanum  and  cerium  salts, 
they  are  anhydrous.  In  the  cerium  group  the  salts  crystallise  in  hexagonal 
plates  or  prisms,  but  in  the  terbium  and  yttrium  groups  they  crystallise  in 
long  needles.  The  solubilities,  in  grams  of  anhydrous  salt  per  100  grams  of 
water  at  25°  and  95°,  are  as  follows  : —  ^ 


Salt  of 

25°. 

95°. 

Salt  of 

25°. 

95°. 

Salt  of 

25°. 

95°. 

La 

103-7 

Nd 

66-1 

22-3 

Y 

2-8 

0-65 

Ce 

79-6 

65 

Sm 

35-2 

10-8 

Er 

1-78 

Pr 

64-1 

... 

Gd 

23-0 

6-7 

Yb 

1-2 

0-25 

The  m-nitrobenzenesulphonates,  M[CgH4(N02)S03]3,  are  of  value 
for  the  separation  of  the  cerium  group.  They  are  readily  soluble  in  water 
and  crystallise  readily.  Two  isomorphous  series  are  known :  (i.)  the  hexa- 
hydrates  of  the  La,  Ce,  Pr,  and  Nd  salts,  and  (ii.)  the  heptahydrates  of  the 
Sm,  Gd,  and  Y  salts.  The  solubilities  at  15°,  in  grams  of  anhydrous  salt  per 
100  grams  of  water,  are  as  follows  : — ® 

La.  Ce.  Pr.  Nd.  Sm.  Gd.  Y. 

16-0  25-5  33-9  46-1  50-9  43-8  48-3 


The  1:4:2-  bromonitrobenzenesulphonates  are  well  -  defined 
crystalline  salts,  crystallising  with  8,  10,  or  I2H2O.  The  following  have 
been  prepared  : — ■ 


La(CeH3Br.  N  0^.  803)3.  SHgO 
Ce(C6H3Br.  NOj.  803)3.  SH^O 
PrfCgHjBr.  NO2. 803)3.  SH^O 
Nd(C6H3Br.N02.S03)3.  SHgO 


SmlCgHsBr.NOa.  803)3.  IOH2O 
Eu(C6H3Br.N02.S03)3  lOH.^O 
Gd(CgH3Br.N02  803)3.  IOH2O 
YfCeHaBr.  NO2. 803)3.  IOH2O 


Er(CeH3Bi-.N02. 803)3, 12H2O 
TmlCgHsBr.  NOg  803)3.  ^  SHgO 
YblCgH,  P.r.  NO,.  803)3. 12H2O 


The  solubilities  at  25°  (expressed  as  grams  of  anhydrous  salt  in  100  grams 
of  saturated  solution)  are  as  follows  ; —  ^ 


La  salt 

4-77 

Sm  salt 

7-27 

Er  salt 

6-06 

Ce  „ 

5-56 

Eu  „ 

6-31 

Tm  „ 

6-38 

Pr  „ 

5-73 

Gd  „ 

5-94 

Yb  „ 

7-29 

Nd  „ 

6-76 

Y  „ 

5-74 

The  p  -  dichlorobenzenesulphonates  and  p  -  dibromobenzene- 
sulphonates  of  a  number  of  rare  earth  elements  have  been  examined 


^  Whittemore  and  James,  loc.  cit. 

®  J.  0.  Morgan  and  James,  J.  Amer.  Chem.  Son.,  1914,  36,  10. 

®  Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  53>  83. 

*  Katz  and  James,  J.  Amer.  Chem.  Soc.,  1913,  35,  872.  See  also  fig.  35  on  p.  326, 
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cryatallographically  by  Armstrong  and  Kodd.^  The  dibromo  salts  of  the 
cerium  group  form  hydrates  with  9H2O  and  with  I8H2O  (Sm  salt  not  known). 
The  enneahydrates  form  a  series  of  isomorphous,  orthorhombic  salts  ; 

a  :h  :c. 


La(0«H„Br2.S03)3.9H20 

CeCH3Br2S03)3.9H20 

Pr(cXBis03)3.9H20 

Nd(03H3Br2.S03)3.9H20 


1-3965: 1  : 0-8753 
1-4106:1  :  0  8873 
1-3964:1  : 0-8798 
1-3990:1  : 0-8789 


Gadolinium,  however,  forms  a  monoclinio  heptahydrate,  Gd(CgH3Br2.S03)3. 
7H2O  (a:6:c=l-2595: 1 :0-6031 ;  ^  =  89°  16')  and  a  monoclinic  dodeca- 
hydrate,  Gd(CgH3Br2.S03)3.12H20.  The  latter  is  isomorphous  with  the 
praseodymium  and  neodymium  salts  of  p-dichlorobenzene-sulphonic  acid  :— 


Pr(0gH3Cl2.S03)3.12H20 

Nd(CgH3Cl2.S03)3.12H20 

Gd(CgH3Br2.S03)3.12H20 


a:b:e.  /3. 

0-5887:1:0-3819;  76°  26' 

0-5872:1 :  0:3810;  76°  34' 

0-5952:1:0-3817;  76°  48' 


Further,  lanthanum  and  praseodymium  form  isomorphous,  triclinic  penta- 
decahydrates,La(CgH3Ci2.S03)3.15H20  {a,:b\  c  =  1-6193  : 1  : 1-6028  ;  a  =  76°  26', 
^  =  113°  48',  y  =  68°  6')  and  Pr(CgH3Cl2.S03)3.15H20. 

Various  tartrates,®  citrates,®  malates,®  etc,,  have  also  been  examined. 


The  Bare  Barth  Elements  and  Boron. 

Metaborates,  M(B02)3, — When  the  oxalate  of  a  rare  earth  element  is 
added  to  excess  of  molten  boron  sesqui-oxide,  the  mass  obtained  separates  into 
two  layers  (conjugate  phases),  the  upper  one  consisting  almost  entirely  of 
boron  sesqui-oxide.  The  lower  layer  solidifies  to  a  glassy  mass,  which  devitrifies 
when  heated  for  some  hours  over  a  Bunsen  burner.  From  it  a  little  boric 
anhydride  can  then  be  extracted  with  boiling  water,  leaving  as  residue  a 
crystalline  metaborate,  M^”(B02)3.  Even  in  the  case  of  cerium,  the  product 
is  said  to  be  of  this  type,  if  the  cerous  oxalate  is  added  to  the  molten  oxide 
in  an  atmosphere  of  carbon  dioxide,  and  it  is  also  stated  that  cerous  meta¬ 
borate  is  obtained  when  ceric  oxide  is  substituted  for  cerous  oxalate.^ 


SPECTRA  OF  THE  RARE  EARTH  ELEMENTS  AND 
THEIR  COMPOUNDS.^ 

The  various  types  of  rare  earth  spectra  may  be  classified  as  follows : — 

A.  Absorption  spectra. — These  include  the  following : — 

(a)  Absorption  spectra  by  transmission. 

(h)  Absorption  spectra  by  reflection. 


^  H.  E.  Armstrong  and  Rodd,  Proe.  Roy.  Soc.,  1912,  A,  87,  204  ;  Rodd,  ibid.,  1914,  A 
89,  292. 

®  Holmberg,  loc.  dt.  ®  Jantsoh,  Che^n.  Zeit.,  1914,  38,  794. 

*  Guertler,  Zeitsch.  anorg.  Chem.,  1904,  40,  225  (La,  Ce,  ‘‘Di,”Sm,  Gd) ;  cf.  Norden- 
skiold,  Fogg.  Annalen,  1861,  114,  612 ;  Holm,  Inaugural  Dissertation  (Munich,  1902). 

®  The  most  comprehensive  treatise  on  Spectroscopy  is  Kayser,  Handbueh  der  Spektro- 
(Hirzel,  Leipzig,  6vols.,  1900-1910).  Of  the  smaller  text-books,  Baly,  Spectroscopy 
(Longmans,  2nd  ed. ,  1912),  and  Urbain,  Introduction  d  Vitude  de  la  spectrochimie  (Hermann 
et  Fils,  Paris,  1911),  may  be  mentioned ;  the  latter  gives  a  very  clear  account  of  the 
theoretical  side  of  the  subject. 
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B.  Emission  spectra. — These  include  the  following ; — 

(i.)  Band  spectra. 

(a)  Flame  spectra. 

(b)  Reversion  spectra  {spectres  de  renversement), 

(c)  Cathodic  phosphorescence  spectra. 

(ii.)  Line  spectra. 

(а)  Spark  spectra. 

(б)  Arc  spectra. 

(c)  X-ray  or  high  frequency  spectra. 

The  above  order  of  arrangement  is  adopted  in  the  following  account. 

• 

Absorption  Spectra  bv  Transmission  and  Reflection. 

General. — The  salts  (derived  from  colourless  acids)  of  the  following  rare 
earth  elements  are  coloured,  and  in  solution  exhibit  well-defined  absorption 
spectra  in  the  visible  region  :  praseodymium,  neodymium,  samarium,  europium, 
dysprosium,  holmium,  erbium,  and  thulium.  In  addition,  the  salts  of  terbium 
exhibit  a  single  band  in  the  visible  region  of  the  spectrum.  Absorption  bands 
are  not  limited  merely  to  the  visible  part  of  the  spectrum,  but  may  also 
occur  in  the  infra-red  and  ultra-violet  regions.  The  absorption  spectrum  of 
gadolinium,  for  instance,  lies  wholly  in  the  ultra-violet. 

The  absorption  spectra  of  the  rare  earth  compounds  differ  markedly  from 
other  absorption  spectra  in  the  large  number  of  bands  they  exhibit,  and  in 
the  great  intensity  and  the  remarkable  narrowness  of  many  of  the  bands. 
Of  the  visible  absorption  spectra,  only  those  of  europium  and  terbium  are 
weak.  The  presence  of  the  absorbing  rare  earth  elements  is  therefore  easily 
detected.  Further,  when  the  absorption  spectrum  of  a  rare  ea^rth  element 
appears  only  faintly,  the  element  is  known  to  be  present  only  in  very  small 
concentration. 

The  literature  relating  to  the  absorption  spectra  of  the  compounds  of  the 
rare  earth  elements  is  fairly  extensive.  It  may  be  recalled  that  the  first 
observations  on  these  spectra  were  made  by  Bahr  in  1852,  and  that  their  study 
was  pursued  by  Gladstone,  Delafontaine,  and  others.  At  a  period  when  the 
discovery  of  samarskite  had  led  to  renewed  interest  in  the  rare  earths,  the 
work  of  Soret  upon  their  absorption  spectra  was  of  great  importance.^  From 
the  historical  point  of  view,  the  work  of  Kriiss  and  Nilson  ^  is  also  of  interest. 
Of  the  more  modern  work,  that  of  Forsling,®  and  particularly  that  of  H.  0.  Jones 
and  his  co-workers,^  may  be  mentioned. 

The  absorption  spectra  of  solids  may  be  examined  in  the  ordinary  manner 
applicable  to  liquids  if  thin,  transparent,  crystal  slices  are  available ;  other- 


1  Soret,  Gompt.  rend.,  1878,  86,  1062;  1879,  88,  422,  1077  ;  89,  521;  1880,  91,  378; 
Arch.  Sci.  phys.  nat.,  1878,  [ii.],  63,  41,  89  ;  1880,  [iii.],  4,  261. 

2  See  p.  287. 

®  Forsling,  Bihang  K.  Svenska  Vet.-Akad.  Handl.,  1892,  18,  I.,  No.  4;  1893,  18,  I., 
No.  10 ;  1898,  23,  I.,  No.  5  ;  1899,  24,  L,  No.  7  ;  1902,  28,  II.,  No.  1. 

*  Jones  and  Anderson,  Proc.  Amer.  Phil.  Soc.,  1908,  47>  276  ;  Amer,  Chem.  J.,  1909, 
41,  276  ;  Jones  and  Strong,  Proc.  Amer.  Phil.  Soc.,  1909,  48,  194  ;  Amer.  Chem.  J.,  1910, 
43,  37,  97  ;  1911,  45,  1  ;  1912,  47,  27,  126  ;  Jones  and  Guy,  ihid.,  1913,  49,  1  ;  50,  257  ; 
Physikal.  Zeitsch.,  1912,  13,  649  ;  Jones  and  Anderson,  Carnegie  Institution  Publications, 
1909,  No.  110;  Jones  and  Strong,  ibid.,  1910,  No.  130;  1911,  No.  160  ;  Jones  and  others, 
ibid.,  1915,  No.  210. 
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wise  it  is  necessary  to  examine  the  light  they  reflect  for  absorption  bands. 
Observations  upon  the  absorption  spectra  of  the  rare  earths  are  usually 
made  with  salt  solutions,  generally  with  aqueous  solutions. 

Absorption  spectra  are  often  described  by  stating  for  each  band  the 
limits  between  which  absorption  is  observed  in  the  spectrum.  This,  however, 
necessitates  a  full  description  of  the  experimental  details  to  be  of  real  value, 
since  the  width  of  a  band  is  increased  when  either  the  concentration  of  the 
solution  or  the  depth  of  solution  through  which  absorption  takes  place  is 
increased.  Moreover,  the  edges  of  the  bands  are  often  hazy  and  difficult  to 
define  with  accuracy.  A  better  method  of  description  is  to  state  for  each 
band  the  wave-length  corresponding  to  the  position  of  maximum  absorption, 
i.e.  what  is  known  as  the  “  head  ”  of  the  band.  This  is  not  necessarily  at 
the*  middle  of  the  band  ;  moreover,  a  broad  band  may  show  two  or  more 
maxima.  The  position  of  the  “head”  of  a  band  is,  in  general,  practically 
independent  of  the  concentration  of  the  solution. 

The  absorption  is  said  to  follow  Beer's  Law  when  the  increase  in  the 
intensity  of  absorption  at  any  point  in  the  spectrum  due  to  increase  of  con¬ 
centration  of  the  absorbing  solution,  may  be  exactly  nullified  by  a  diminution 
in  thickness  of  the  absorbing  solution  in  the  same  ratio.  For  moderately 
dilute  sglutions  (aqueous  or  otherwise)  of  rare  earth  compounds,  the 
absorption  is  described  with  considerable  accuracy  by  Beer’s  Law,  as  H.  C. 
Jones  and  his  co-workers  have  shown. 

When  the  absorption  spectrum  of  a  rare  earth  compound  in  solution  is 
observed  at  different  dilutions  through  the  same  thickness  of  solution,  it  is 
observed  that  certain  broad  bands  seen  in  concentrated  solution  become 
resolved  into  a  number  of  narrower  bands  as  the  dilution  is  continued. 
Eventually,  as  dilution  proceeds,  the  bands  disappear,  but  the  dilution  at 
which  one  band  disappears  is  not  necessarily  the  same  as  that  at  which  any 
other  band  ceases  to  be  visible.  Some  bands  can  only  be  observed  in 
moderately  concentrated  solution,  while  others  are  still  visible  in  extremely 
dilute  solution.  It  must  therefore  be  borne  in  mind  when  consulting  com¬ 
plete  lists  of  absorption  bands  that  all  the  bands  enumerated  cannot  be 
seen  at  one  and  the  same  time,  for  in  solutions  sufficiently  concentrated 
to  exhibit  the  weak  bands  others  will  have  coalesced,  producing  a  smaller 
number  of  broader  bands  (see  figs.  24  and  25  on  pp.  288  and  290). 

When  the  absorption  spectra  of  various  compounds  of  the  same  rare  earth 
element  are  examined  in  the  absence  of  any  solvent,  it  is  found  that  they  are 
decidedly  different  from  one  another,  although  a  certain  “family  likeness” 
may  be  apparent.  It  was  discovered  by  Bunsen  that  the  relative  intensities 
of  the  bands  in  the  spectrum  of  “  didymium  ”  sulphate  octahydrate  vary 
according  to  direction  in  which  light  passes  through  the  crystal.  This  arises 
from  the  fact  that  the  crystal  is  doubly  refracting  and  absorbs  the  ordinary 
and  extraordinary  rays  unequally,  i.e.  the  crystal  is  pleochroic.  H.  Becquerel 
has  studied  this  phenomenon  in  great  detail  for  various  salts  of  “  didymium,” 
and  also  for  various  transparent  minerals,  such  as  scheelite,  apatite,  parisite, 
xenotime,  monazite,  etc.,  which  contain  “didymium”  either  in  traces  or  in 
quantity.  The  bands  differ  only  in  relative  intensities,  not  in  actual  position.^ 


'  Bunsen,  Pog(U  Annalen,  1866, 128, 100  ;  Phil.  Mag.,  1866,  [iv.],  32, 177  ;  H.  Becquerel, 
Compt.  rend.,  1886,  102,  106  ;  103,  198;  1887,  104,  165,  777,  1691  ;  Ann.  Chim.  Phys., 
1888,  [vi.],  14,  170,  257;  G.  H.  Bailey,  Brit.  Assoc.  Eep.,  1887,  p.  654;  1890,  p.  773  ; 
Dufet,  Bull.  Soc.franq.  Min.,  1901,  24,  373. 
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The  absorption  spectra  of  crystals  of  rare  earth  compounds  are  extremely 
rich  in  intense,  narrow  bands.  As  the  temperature  is  lowei’ed  below  the 
ordinary,  the  bands  become  even  more  narrow  and  intense.  ^  In  the  immediate 
vicinity  of  the  absorption  bands,  the  crystals  exhibit  the  phenomenon  of 
anomalous  magnetic  rotatory  di.spersion ;  aqueous  solutions  of  rare  earth 
salts  exhibit  the  same  phenomenon.^ 

The  absorption  spectrum  of  a  solid  rare  earth  compound  differs  consider¬ 
ably  from  the  spectrum  of  its  aqueous  solution.®  The  absorption  spectra  of 
the  aqueous  solutions  of  salts  of  a  rare  earth  element  differ  from  one  another, 
but  there  is  a  greater  “family  likeness”  between  these  spectra  than  between 
the  spectra  of  the  solid  salts  themselves.  In  fact,  the  dilute  aqueous 
solutions  exhibit  absorption  spectra  which  are  often  practically  identical. 
One  or  two  bands  observed  with  one  salt  may  not  be  seen  with  another  salt, 
and  variations  (usually  not  very  pronounced)  in  the  relative  intensities  of 
corresponding  bands  may  occur.  Moreover,  the  wave-lengths  of  the  “  heads  ” 
of  corresponding  bands  usually  differ  only  by  very  small  amounts.^  The 
differences  in  the  spectra  become  more  pronounced,  however,  in  concentrated 
solutions.  In  terms  of  the  ionic  theory,  the  results  have  been  interpreted  as 
indicating  that  absorption  spectra  of  dilute  solutions  are  spectra  of  ions,  but 
that  the  absorption  spectra  of  concentrated  solutions  are  the  spectra  of  both 
ions  and  molecules.®  This  simple  explanation,  however,  is  inadequate.  For 
instance,  several  cases  are  known  in  which  the  spectra  are  strikingly 
different,  instead  of  being  practically  identical  as  the  ionic  explanation 
requires  them  to  be,®  and  not  infrequently  the  “heads”  of  corresponding 
absorption  bands  differ  appreciably  in  position.'^  Moreover,  the  ionic  inter¬ 
pretation  cannot  be  reconciled  with  the  repeated  observation  that  Beer’s  Law 
holds  for  moderately  dilute  solutions,  since  it  leads  to  the  conclusion  that  the 
ions  of  the  rare  earth  elements  produce  the  same  absorption  spectra  as  the 
molecules  of  their  salts.® 

Solutions  of  one  and  the  same  rare  earth  compound  in  different  solvents 
exhibit  different  absorption  spectra.  Sometimes  the  differences  are  very 
striking;  in  other  cases,  the  differences  may  be  slight.  For  example,  the 
absorption  spectrum  of  neodymium  chloride  in  glycerol  bears  a  considerable 
resemblance  to  the  spectrum  of  the  same  substance  in  water,  the  “  glycerol 


1  See  J.  Becquerel,  Phil.  Mag.,  1908,  [vi.],  i6,  153. 

^  J.  Becquerel,  loc.  cit.  ;  R.  W.  Wood,  Phil.  Mag.,  1908,  [vi.],  15,  270  ;  Elias,  Physikal. 
Zeitsch.,  1906,  7,  931. 

®  Bahrand  Bunsen,  Annalen,  1866,  137,  1  ;  Bunsen,  Pogg.  Annalen,  1866,  128,  100  ; 
Phil.  Mag.,  1866,  [iv.J,  32,  177.  See  also  G.  H.  Bailey,  loc,  cit.,  and  Per.,  1887,  20,  2769, 
3326  ;  1888,  21,  1520  ;  H.  Becquerel,  loc,  cit.  ;  Bettendorf,  Annalen,  1890,  256,  169  ;  1891, 
263,  164. 

^  Bahr  and  Bunsen,  loc.  cit.  ;  Bunsen,  loc.  cit.  ;  Bailey,  loc.  cit.  ;  Becquerel,  loc.  cit, 

®  See  Liveing,  Trans.  Gamb.  Phil.  Soc.,  1900,  18,  298  ;  Purvis,  Proc.  Garni.  Phil.  Soc., 
1903,  12,  202,  206  ;  Aufrecht,  Inaugural  Dissertation  (Berlin,  1904)  ;  Langlet,  Zeitsch. 
Physikal.  Ghem.,  1906,  56,  624  ;  Ball,  Proc.  Roy.  Soc.,  1912,  A,  87,  121. 

®  Muthmann  and  Stiitzel,  .6er. ,  1899,  32,  2653;  Mutlimann  and  Heramhof,  Annalen, 
355>  165  ;  Waegner,  Per.,  1903,  36,  3055.  Remarkable  differences  are  observed,  for 
instance,  between  the  spectra  of  the  aqueous  solutions  of  the  chlorides  of  Nd  and  Pr  and 
the  spectra  of  the  aqueous  solutions  of  the  corresponding  double  potassium  carbonates. 

^  P.g.  aqueous  solutions  of  neodymium  chloride  and  acetate.  The  bands  in  the  spectrum 
of  the  latter  substance  are  less  intense,  wider,  and  nearer  the  red  end  of  the  spectrum  than 
those  of  the  former  (Jones  and  Strong,  loc.  cit.). 

®  See  Rudorf,  Ahren’s  Sammlung,  1904,  No.  9  ;  Jahresber.  Elektronik,  1907,  3,  423  ; 
Zeitsch.  wiss,  Photochem. ,  1907,  5,  24  ;  Sheppard,  Photochemistry  {ltO-Dgtaa.ns  h  Co.,  1914), 
p.  153. 
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bands  ”  being,  however,  rather  closer  to  the  red  end  of  the  spectrum  than 
the  corresponding  “  water  bands.”  On  the  other  hand,  the  spectrum  of 
neodymium  chloride  in  ethyl  alcohol  is  strikingly  different  from  the  preced¬ 
ing  spectra.^ 

The  absorption  spectrum  of  a  rare  earth  salt  dissolved  in  a  mixture  of 
two  solvents  shows  the  absorption  bands  of  the  two  spectra  that  may  be 
observed  by  using  the  solvents  separately.^  The  relative  intensities  of  these 
two  component  spectra  vary  with  the  composition  of  the  mixed  solvent ;  in 
some  cases  several  bands  are  observed  which  cannot  be  attributed  to  either 
of  the  component  spectra.  These  facts  argue  strongly  in  favour  of  the 
view  that  chemical  combination  occurs  between  the  dissolved  salt  and  the 
solvents,  as  has  been  pointed  out  by  H.  C.  Jones.® 

In  connection  with  the  influence  of  the  medium  upon  the  absorption 
spectra,  it  is  important  to  note  that  the  spectra  of  rare  earth  salt  solutions 
are  considerably  modified  by  the  addition  of  a  mineral  acid,  the  bands  (or 
some  of  the  bands)  usually  being  rendered  weaker  and  more  diffuse.^  The 
efliect  of  nitric  acid  upon  the  absorption  spectrum  of  aqueous  neodymium 
nitrate,  for  instance,  is  very  marked,  the  bands  becoming  weaker,  more 
difiuse,  and  wider  towards  the  red  end  of  the  spectrum;  in  this  case  the 
colour  of  the  solution  is  changed  in  a  very  striking  manner.  The  intensity 
of  absorption  of  a  rare  earth  salt  is  also  changed,  usually  diminished,  by  the 
addition  of  another  rare  earth  salt,  whether  the  added  salt  produces  absorption 
or  not;  and  the  various  bands  in  the  spectrum  are  in  general  unequally 
affected.® 

Absorption  spectra  are  affected  by  change  of  temperature.  The  nature  of 
the  change  produced  has  been  studied  by  Hartley,  Liveing,  H.  C.  Jones  and 
others.®  Rise  of  temperature  (above  the  ordinary  atmospheric  temperature) 
has  the  effect  of  slightly  intensifying  the  absorption,  broadening  some  bands, 
and  increasing  the  extent  of  the  general  absorption  in  the  ultra-violet  and 
infra-red ;  the  positions  of  the  “  heads  ”  of  the  bands,  however,  are  little,  if  at 
all,  affected.  At  temperatures  much  below  the  ordinary,  the  absorption  bands 
become  extremely  narrow.^  The  preceding  statements  may  require  modifica¬ 
tion  at  times  when  foreign  substances  are  present.  Thus,  in  the  presence  of 
calcium  chloride,  some  of  the  bands  in  the  spectrum  of  aqueous  neodymium 
chloride  diminish  in  intensity  with  rise  of  temperature,  and  the  “  heads  ”  of 
the  bands  undergo  a  slight  displacement  (Jones  and  Strong). 

It  not  infrequently  happens  that  different  rare  earth  salts  present  in  the 
same  solution  give  rise  to  absorption  bands  in  almost  the  same  region  of  the 


^  H.  C.  Jones  and  others,  loc.  cit.  See  also  Ball,  Proe.  Eoy.  Soc.,  1912,  A,  87,  121. 

“  H.  C.  Jones  and  others,  loc.  cit.  ;  cf.  Miss  H.  Schaeffer,  Physikal.  Zeitsch. ,  1906,  7, 
822. 

®  H.  C.  Jones  and  others,  loc.  cit.  ;  H.  C.  Jones,  Amer.  Chem.  J.,  1910,  41,  19  ;  Phil. 
Mag,,  1912,  [vi.],  23,  730  ;  Zeitsch.  Elehtrochem.,  1914,  20,  662. 

*  Bunsen,  Pogg.  Annalen,  1866,  128,  100  ;  Phil.  Mag.,  1866,  [iv.],  32,  177  ;  Lecoq  de 
Boishaudran  and  Smith,  Gompt.  rend.,  1879,  88,  1167;  Soret,  ibid.,  1880,  91,  378  ;  G.  H. 
Bailey,  Brit.  Assoc.  Rep.,  1890,  p.  773  ;  Liveing,  loc.  cit.  ;  Strong,  Physikal.  Zeitsch.,  1910, 
II,  668  ;  H.  C.  Jones  and  Strong,  Amer.  Chem.  J.,  1911,  45,  1. 

®  Brauner,  Trans.  Chem.  Soc.,  1883,  43,  278  ;  Demaiyay,  Gompt.  rend.,  1898,  126 
1039  ;  Auer  von  Welsbach,  Sitmngsber.  K.  Akad.  Wiss.  Wien,  1885,  92,  II.  317  ;  1903, 
II2,  II.  A,  1037  ;  Anzeiger  K.  Akad.  Wiss.  Wien,  1905,  No.  10,  p.  122. 

®  Hartley,  Sci.  Trans.  Roy.  Duhl.  Soc.,  1900,  II.  7,  253 ;  Liveing,  loc.  cit.  ;  H.  C. 
Jones  and  others,  loc.  cit, 

’  J.  Becquerel,  Phil.  Mag,,  1906,  [vi.],  16,  163. 
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spectrum,  the  most  striking  case  being  that  of  the  two  bands  situated  at 
X4690,  one  due  to  praseodymium  and  the  other  to  neodymium.  Another 
interesting  case  is  that  of  the  two  neodymium  bands  X4610  and  X4750  and 
the  two  samarium  bands  X4630  and  X4760.  When  such  bands  partly  or 
wholly  overlap,  they  may  appear  abnormally  intense.  The  “heads”  of  such 
bands  may  also  at  times  appear  to  vary  in  position  as  a  composite  material  is 
fractionated. 

Owing  to  the  manner  in  which  the  absorption  spectra  of  the  rare 
earth  compounds  vary  with  the  conditions  of  experiment,  erroneous  con¬ 
clusions  have  not  infrequently  been  drawn  from  researches  upon  them. 
Thus,  Kriiss  and  Nilson  ^  were  led  to  suppose  that  the  rare  earth  elements 
the  compounds  of  which  give  rise  to  absorption  spectra  are  in  reality 
extremely  complex  substances,  composed  of  numerous  meta-elements 
each  characterised  by  a  single  band  in  the  absorption  spectra  of  its  com¬ 
pounds.  This  theory  of  “  one  band — one  element  ”  was  supported  at  the 
time  by  Crookes,  but  adversely  criticised  by  Bailey  and  by  Schottlander.^ 
At  the  present  time  it  cannot  be  seriously  entertained ;  it  will  be  sufficient 
to  point  out  that  there  is  no  logical  reason  for  restricting  the  absorption 
bands  to  the  visible  region  of  the  spectrum,  or  for  restricting  the  theory  to 
the  rare  earth  elements. 

Methods  of  Observing’  Absorption  Spectra. — In  order  to  observe 
an  absorption  spectrum,  a  suitable  source  of  light  is  focussed  upon  the  slit  of 
the  spectroscope  and  the  absorbing  medium  interposed  between  the  light 
source  and  the  slit,  close  up  to  the  latter. 

For  observations  in  the  visual  region  the  solu¬ 
tion  may  be  contained  in  a  glass  test  tube  or, 
better,  in  a  glass  cell  with  a  pair  of  plane, 
parallel  ends;  diffused  daylight  serves  as  a 
convenient  source  of  light.  In  accurate  work 
it  is  usually  necessary  to  photograph  the 
absorption  spectrum.  It  is  then  necessary,  if 


B 


Fig,  23.- 


-Absorption  cell, 
observations  are  to  be  made 


for  a  considerable  distance  into  the  ultra-violet  region,  to  replace  all  glass 
parts  in  the  line  between  slit  and  light  source  by  quartz.  A  convenient 
absorption  cell  is  shown  in  fig.  23 ;  the  tube  A  and  B  are  joined  by  a  broad 
rubber  band  C,  and  the  absorbing  solution  poured  in  at  D ;  the  plates  E 
and  F  which  close  the  ends  of  the  tubes  may  be  made  of  quartz  if  necessary. 
The  changes  in  the  absorption  spectrum  as  the  thickness  of  the  absorbing 
medium  is  varied  can  be  easily  followed  by  sliding  the  inner  up  and  down 
the  outer  tube. 

For  photographic  purposes  the  positive  crater  of  a  carbon  arc  serves  as  a 
convenient  source  of  light  so  far  as  the  visible  spectrum  (and  particularly  the 
red  end)  is  concerned ;  for  the  violet  and  ultra-violet  regions,  however,  it  is  of 
little  use,  and  should  be  replaced  by  a  Nernst  lamp.  Either  of  these  sources 
of  light  gives  a  continuous  spectrum.  In  order  to  obtain  wave-length 
measurements,  the  simplest  plan  is  generally  to  photograph  the  iron  arc 
spectrum  on  the  same  plate,  slightly  overlapping  the  absorption  spectrum. 
Some  experimenters  prefer  to  utilise  a  source  of  light  that  gives  not  a  con- 


1  Kriiss  and  Nilson,  Ber.,  1887,  20,  1676,  2134,  3067  ;  1888,  21,  585,  2019  ;  Kiesewetter 
and  Kriiss,  Ber,,  1882,  2i,  2310, 

2  Crookes,  Chem.  News,  1886,  54,  27;  Bailey,  Brit.  Assoc.  Rep.,  1887,  p.  654;  1890, 
p.  773  ;  Ber.,  1887,  20,  2769,  3325;  1888,  21,  1520;  Schottlander,  Ber.,  1892,  25,  378, 
569. 
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tinuous,  but  a  discontinuous  spectrum  consisting  of  a  very  large  number  of 
lines,  situated  close  together  and  not  differing  greatly  in  relative  intensities. 
A  suitable  light  source  of  this  nature  is  obtained  by  sparking  between  carbon 
electrodes  impregnated  with  the  oxides  of  molybdenum  and  uranium.^ 

Absorption  Spectra  of  the  Rare  Earths.— The  absorption  spectra 
are  briefly  described  in  the  following  paragraphs.^ 

Praseodymium.  — Five  absorption  bands  characterise  the  visible  absorption 
spectrum  of  aqueous  praseodymium  chloride  or  nitrate,  the  positions  of  the 
“  heads  ”  being  as  follows : — 

5970 ;  5870 ;  4815 ;  4690 ;  4435- 

Of  these  bands,  the  violet  band  is  broad  and  very  intense,  the  blue  bands  are 


Fig.  24. — Absorption  spectrum  of  aqueous  praseodymium  chloride 
(Rech;  thickness  of  absorbing  layer=20  cms.). 


intense,  and  the  yellow  bands  weak.®  The  absorption  curve  for  aqueous 
praseodymium  chloride,  according  to  Rech,  is  shown  in  fig.  24. 

Neodymium. — The  absorption  spectra  of  aqueous  neodymium  chloride  and 
nitrate  are  very  beautiful  and  extremely  rich  in  bands.  The  maxima  that 
have  been  observed  are  as  follows  : — 

7324;  6890;  6790;  6730;  6360;  6280;  6250;  6220;  5870;  5830; 
5800;  5780;  5750;  5740;  6710;  5470;  5310;  5250;  5210;  5200 ;  5120 ; 

5090;  4870;  4800;  4750;  4690;  4610;  4327;  4290;  4274;  4180;  3801; 

3556;  3540;  3507;  3465;  3399;  3288;  3231;  3144;  3067;  3047;  3030; 

3015;  2998;  2983;  2937;  2913;  2902. 


1  For  further  information,  see,  e.g.,  Kayser,  opus  cit.  (p.  282) ;  Jones  and  others,  loc.  cit., 
p.  283) ;  Rech,  Zeitsch.  wiss.  Photochem.,  1905,  3,  411. 

®  It  should  be  mentioned  that  measurements  of  the  position  of  a  maximum  of  absorption 
by  different  experimenters  usually  differ  by  several  Angstrom  units,  partly  owing  to  experi¬ 
mental  error  and  partly  owing  to  the  fact  that  they  have  not  all  worked  with  the  same  salt. 

®  Forsling,  Bihang  K.  Svenska  Fet.-Akad.  Handl.,  1893,  18,  I.,  No.  10;  1898,  23,  L, 
No,  6  ;  Langlot,  ihid.,  1901,  26,  II.,  No.  2  ;  Rech,  Zeitsch.  wiss.  Photochem.,  1905,  3,  411  ; 
Aufrecht,  loe.  cit.  ;  Schottliinder,  loc.  cit.  ;  H.  C.  Jones  and  others,  loc.  cit.  ;  Baxter  and 
Stewart,  J,  Amer.  Chem.  Soc.,  1915,  37,  516. 


[To  face  p.  288. 


Text-Book  of  Inorganic  Chemistry,  Vol.  IV.,  Plate  I, 'I 


PRASEOIjYMIUM. 

Absorption  spoctnim  of  a  normal  solution  of  pi'aseodymium  nitrate  ;  tliickness  of 
absorbing  layer  =  10 ’0,  3 ’3,  I'l,  and  0'4  cms.  respectively. 


Nbodymiuji. 

Absorption  spectrum  of  a  normal  solution  of  neodymium  nitrate  ;  thickness  of  absorbing 
layers  10 '0,  3'3,  I'l,  and  0-4  cms.  respectively. 
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The  two  bands  A.5800  and  A,5470  are  seen  when  the  nitrate  is  examined, 
but  do  not  appear  in  the  chloride  spectrum.^  The  absorption  curve  of  aqueous 
neodymium  chloride  is  shown  in  fig.  25,  which  has  been  drawn  from  the  data 
given  by  Eech. 

Samarium.^ — According  to  Demar9ay,  the  following  are  the  positions  of 
the  cdhtres  (not  the  “heads”)  of  the  bands  in  the  absorption  spectrum  of  a 
twenty  per  cent,  solution  of  samarium  nitrate  in  strong  nitric  acid  (thickness 
of  solution  =  13  mm.)  : — 

5590;  5290;  4980;  4760;  4630:  4530;  4430;  4170 ;  4070;  4020 ; 
3900;  3750;  3620.  ^  > 

Several  of  these  bands  are  complex.  The  positions  of  the  “  heads  ”  of  the 
bands  in  the  spectrum  of  aqueous  samarium  chloride  are  as  follows,  according 
to  Forsling ; — 

5600;  5001;  4804-4783;  4761-4727;  4632:  4443-4383;  4177;  4157; 
4083;  4077;  4035-4030;  4016-4007;  3942-3932;  3906;  3752-3742; 
3738-3732;  3630-3615. 

It  is  an  unfortunate  circumstance  that  the  strongest  of  the  samarium 
bands  are  very  closely  in  the  neighbourhood  of  prominent  bands  of  neodymium 
and  europium,  since  these  are  the  two  elements  most  difficult  to  remove 
from  samarium. 

Europium. — A  neutral  solution  of  the  chloride  exhibits  the  following 
maxima  of  absorption,  the  visible  bands  being  narrow  and  rather  faint : — 

5913;  6882;  5790;  5337;  5251 ;  5234;  4656;  4645;  4000;  3950; 
3853;  3836;  3800;  3760;  3746;  3663;  3615;  3207;  3192;  3178;  3168; 
2983. 

In  the  nitrate  solution  a  single  band  A5913  replaces  the  two  bands 
A5913  and  A.5882  ;  the  band  A5790  is  much  more  intense  and  narrow  than  in 
the  chloride  spectrum ;  the  unsymmetrical  chloride  band.  A6337  gives  place 
to  a  symmetrical  band  A5364  ;  a  single  band  A5250  replaces  the  two  chloride 
bands  /\5251  and  A5234 ;  and  a  single  band  A4660  I'eplaces  the  two  chloride 
bands  A4656  and  A4645.3 

Oadolinium. — The  only  absorption  bands  of  gadolinium  are  in  the  ultra¬ 
violet  region : —  * 

3794;  3697;  3596;  3515;  3108 ;  3059 ;  3056;  3052. 

Terbium. — The  absorption  spectrum  of  terbium  lies  in  the  ultra-violet 
with  the  exception  of  a  feeble  band  at  A4880  : —  ® 

4880;  3787;  3694;  3592;  3519;  3420;  3390;  3266;  3176;  3029. 

^  Forsling,  Bihang  K.  Svenska  Vet.-Akad.  Handl..,  1892,  18,  I.,  No  4  ;  1893, 18,  I.,  No. 
10  ;  Demarjay,  Gonvpt.  rend.,  1898,  126,  1039  ;  Kech,  Zeitsch.  wiss.  Photochem.,  1905,  3, 
411  ;  Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  S3)  11®  >  Strong,  Physikal.  Zeitsch.,  1910, 
II,  668  ;  Baxter  and  Chapin,  J.  Amer.  Chem.  Soc.,  1911,  33,  1  ;  Baxter  and  Woodward, 
ibid.,  1911,33,  270;  H.  0.  Jones  and  others,  loc.  cit.-,  Stahl,  Le  Radium,  1909,  6,  215; 
Gamier,  Arch.  Sci.  phys.  nat.,  1915,  [iv.],  40,  93,  199. 

2  Forsling,  loc.  cit.  ;  Demargay,  Oompt.  rend.,  1900,  130,  1185  ;  Jones  and  Strong, 
loc.  cit. 

®  Urbain,  J.  Ghim.  phys.,  1906,  4,  242 ;  cf.  Demargay,  Gompt.  rend.,  1900,  130,  1469. 

Urbain,  Gompt.  rend,,  1905,  140,  1233  ;  J,  Ghim.  phys.,  1906,  4i  328;  cf.  Jones 
and  Strong,  loc.  cit. 

®  Urbain,  Gompt.  rend.,  1905,  141,  521 ;  J.  Ghim.  phys.,  1906,  4,  346. 
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Absorption  spectra  of  the  nitrates  of  various  rare  earth  elements  in  dilute  aqueous  solution. 

1.  Samai'iuni.  4.  Dyspmsimu  and 

2.  Erbium.  Holmiuni. 

3.  Thulium.  5.  Europium. 
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Dysprosium. — Dysprosium  was  originally  characterised  by  its  visible 
absorption  spectrum  ;  its  ultra-violet  absorption  spectrum  may  also  be  utilised 
for  the  purpose  of  identifying  the  element.  The  chloride  solution  exhibits 
the  following  maxima  : —  ^ 

7530;  4750;  4515;  4275;  3970;  3865;  3795;  3650;  3510  ;  3380;  3225. 

Holmium.  — This  element  was  originally  characterised  by  two  bands, 
A6400and  A5360.  The  positions  of  the  absorption  bands  in  the  spectrum  of 
aqueous  holmium  chloride  (10  cm.  thickness  of  N/2  solution)  are,  according 
to  Holmberg,  as  follows  ^ 

6577-6551;  6538-6518;  6446-6418;  6414-6384;  5491;  5438-5427; 
5411-5401 ;  5385-5349;  4910;  4860-4846;  4830;  4683-4672;  4554-4459; 
4223-4216;  4179-4152. 

Erbium. — Owing  to  the  difficulty  of  preparing  erbium  salts  free  from 
impurities  which  give  absorption  spectra,  the  spectrum  of  erbium  is  not 
known  as  exactly  as  could  be  desired.  From  the  work  of  Forsling®  the 
erbium  spectrum  appears  to  exhibit  maxima  at  the  following  positions  : — 

6665;  6530-6515;  6483;  5490;  5412;  5231;  5202-5188;  4908; 
4871;  4845;  4534;  4497;  4427;  4084;  4069;  4058;  4050;  3792;  3644; 
3637;  3588;  3561. 

This  list  comprises  all  the  maxima  given  by  Urbain,^  but  contains  three 
maxima  (A6483,  A5490,  A4534)  that  could  not  be  observed  by  Hofmann  and 
Burger.® 

Thulium, — The  following  are  the  positions  of  the  maxima  in  the 
absorption  spectrum  of  thulium  : —  ® 

7015;  6845-6828;  6590;  4640;  3600. 

Reflection  Spectra. — It  has  already  been  mentioned  that  the  absorp¬ 
tion  spectra  of  solid  rare  earth  compounds  may  be  observed  by  allowing 
ordinary  white  light  to  fall  upon  them  and  examining  the  reflected  light 
spectroscopically.  This  method  is  very  useful  in  cases  where,  owing  to  the 
fact  that  the  substances  are  opaque,  the  absorption  spectra  cannot  be  ' 
observed  by  transmission.  Absorption  spectra  observed  by  reflection  are 
usually  referred  to  as  reflection  spectra. 

The  question  naturally  arises  as  to  whether  the  absorption  spectrum  of  a 
substance  observed  by  transmission  is,  or  is  not,  identical  with  the  absorption 
spectrum  observed  by  reflection.  So  far  as  the  rare  earths  are  concerned. 


1  Urbain,  Oompt.  rend.,  1906,  142,  785  ;  Lecoq  de  Boisbaudran,  ibid.,  1886,  102,  1003, 
1005  ;  see  also  Jones  and  Strong,  loc.  eit. 

Holmberg,  Arkiv  Kem.  Min.  Geol.,  1911,  4,  Nos.  2  and  10;  Zeitsch.  anorg.  Chem., 
1911,  71,  226  ;  cf.  Urbain,  J,  Ghim.  phys.,  1906,  4,  31  ;  Soret,  Compt.  rend.,  1879,  89,  52  ; 
Cleve,  ibid.,  1879,  .89,  478,  708  ;  Langlet,  Arkiv  Kem.  Min.  Oeol.,  1907,  2,  No.  32; 
Forsling,  Bihang  K.  Svenska  Vet.-Akad.  Eandl.,  1902,  28,  II.,  No.  1. 

®  Forsling,  Bihang  K.  Svenska  Vet.-Akad.  Eandl.,  1899,  24,  L,  No.  7. 

^  Urbain,  J.  Ghim.  phys.,  1906,  4,  31. 

®  Hofmann  and  Burger,  Ber.,  1908,  41,  308;  see  also  Hofmann,  Ber.,  1910,  43,  2631  ; 
Jones  and  Strong,  loc.  cit.  ;  Purvis,  Proc,  Gamb.  Phil,  Soc.,  1903,  12,  202,  206;  Langlet, 
Zeitsch.  physikal.  Ghem.,  1906,  56,  624. 

®  Forsling,  Bihang  K.  SvenMca  Vet.-Akad.  Eandl.,  1899,  24,  I.,  No.  7  ;  see  also  Cleve, 
Gompt.  rend.,  1879,  89,  419,  478  ;  1880,  91,  381 ;  Thalen,  ibid.,  1880,  91,  45,  326,  376  ; 
Urbain,  J.  Ghim.  phys.,  1906,  4,  31. 
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there  is  no  experimental  work  available  from  which  an  answer  may  be 
deduced,  but  from  work  on  other  substances  it  has  been  found  that  the 
spectra  are  different.  Theoretically  there  should  be  a  difference,  because  the 
reflecting  power  of  an  absorbing  medium  increases  with  the  refractive  index, 
and  owing  to  the  phenomenon  of  “anomalous  dispersion”  being  exhibited  in 
the  neighbourhood  of  an  absorption  band,  it  follows  that  an  absorption  band 
in  the  reflection  spectrum  should  be  relatively  less  intense  on  the  red  side 
and  more  intense  on  the  blue  side  than  the  corresponding  band  in  the 
absorption  spectrum  by  transmission.^ 

The  reflection  spectra  of  the  rare  earths  were  discovered  by  Bahr  and 
Bunsen,  and  have  been  subsequently  studied  by  Hartley,  Crookes,  Humpidge, 
H.  Becquerel,  Dennis  and  Chamot,  Exner,  Haitinger,  and  others.^  Anderson  ® 
and  Joye^  have  described  convenient  methods  for  photographing  the  spectra. 

Examination  of  the  reflection  spectra  of  the  oxychlorides  of  the  rare 
earth  metals  is  of  considerable  value  for  following  the  course  of  separation  of 
these  metals  by  fractional  crystallisation,  etc.  Only  a  few  milligrams  of 
material  are  necessary.®  Instead  of  the  oxychlorides  the  basic  nitrates  may 
be  used. 

For  the  rapid  examination  of  the  reflection  spectrum  of  a  small  quantity 
of  a  solid,  the  light  of  the  carbon  arc  is  concentrated  upon  it.  Between  the 
illuminated  solid  and  the  slit  of  the  spectroscope  a  lens  is  placed  to  focus 
the  light  from  the  solid  on  to  the  slit.  It  is  possible  in  this  manner  to 
observe  absorption  bands  in  the  spectrum  of  a  substance  when  its  aqueous 
solution  no  longer  appears  to  exhibit  selective  absorption.® 

For  detailed  descriptions  of  reflection  spectra  the  reader  is  referred  to 
the  original  memoirs.^ 


Flame  Spectra. 

When  the  oxides,  borates,  or  phosphates  of  some  of  the  rare  earth  elements 
are  heated  to  incandescence  in  a  non-luminous  flame,  such  as  that  of  a 
Bunsen  burner,  the  light  emitted  is  found  to  give  not  a  continuous  spectrum, 
as  would  be  anticipated,  but  a  sharply  discontinuous  band  spectrum.  The 


^  See  E.  W.  Wood,  Phil.  Mag.,  1902,  [vL],  3,  620. 

^  Bahr  and  Bunsen,  Annalen,  1866,  137,  1;  Hartley,  Trans.  Chem.  Soc.,  1832,  41, 
210;  Chem.  News,  1886,  53,  179;  Crookes,  Compt.  rend.,  1886,  102,  506;  Humpidge, 
Chem.  News,  1886,  53,  154;  H.  Becquerel,  Ann.  Chim.  Phys.,  1888,  [vi.],  14,  170,  257  ; 
Haitinger,  Monatsh.,  1891,  12,  362  ;  Dennis  and  Chamot,  J.  Anier.  Chem.  Soc.,  1897,  19, 
799  ;  Exner,  Sitzungsher.  K.  Akad.  Wiss.  Wien,  1899,  108,  Ila,  1252 ;  Urbain,  vide 
infra',  Waegner,  Per.,  1903,  36,  3055  ;  Zeitsch.  anorg.  Chem.,  1904,  42,  122;  Muthmauu 
and  Heramhof,  Annalen,  1907,  355>  165  ;  Anderson,  videinfra  ;  Hofmann  and  Bugge,  Ber., 
1908,  41,  3783  ;  Hofmann  and  Kirmreuther,  vide  infra)  Hofmann  and  Hdschele,  Ber., 
1914,  47,  240;  Schaum  and  Wiistenfeld,  Zeitsch.  wiss.  Photochem.,  1911,  10,  226  ;  Joye, 
vide  infra. 

Anderson,  Aslrophys.  J.,  1907,  26,  73. 

*  Joye,  Arch.  Sci.  phys.  nat.,  1913,  [iv.],  36,  41. 

®  Urbain,  Ann.  Chim.  Phys.,  1900,  [viL],  19,  222,  For  the  rapid  preparation  of  the 
oxychlorides,  see  p.  255. 

®  Urbain,  loc.  cit. 

’’  See  Joye,  Arch.  Sci.  phys.  nat.,  1913,  [iv.],  36,  41  (Nd^Og,  NdoOg.SHjO,  2Ndo03.3H20, 
Nd203.H20,  Nd2(S04)3,  Nd^Sg,  NdClg,  NdBrg,  Nd2(C03)3,  Nd2(C2O4)3.10H2O,  Nd(N03)3. 
6H.3O):  Joye,  ibid.,  1913,  [iv.],  36,  431  (Pi-gOg,  Pr203.3Hj0,  PrClg,  PioSg,  rr2(vS04)3, 
Pr(N03)3.6H20,  Pr2(C2O4)3.10H2O) ;  Hofmann  and  Kirmreuther,  Zeitsch.  physikal.  Chem., 
1910,  71,  312  (Er203,  Ei'jOg.SOg,  Er2(S04)3,  Er2S3,  ErCL) ;  Hofmann  and  Hbschele,  Aer. , 
1914,  47,  240  (PrOCl,  NdOCl,  SmOCl,  ErOCl). 
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spectrum  of  neodymia  was  discovered  by  Bunsen^  in  1864,  and  that  of  erbia 
by  Bahr^  in  1865.  Up  to  the  present  time  it  has  been  foxind  that,  under 
suitable  conditions,  praseodymia,®  neodymia, samaria,®  erbia,®  and  thulia" 
give  rise  to  these  emission  spectra.  No  satisfactory  explanation  of  their 
production  has  yet  been  advanced.  It  has  been  stated  that  the  spectra 
are  due  to  thin  layers  of  glowing  vapour,®  but  this  is  almost  certainly  not 
the  case.® 

It  is  not  definitely  known  whether  a  pure  rare  earth  gives  rise  to  a  flame 
spectrum  or  not.  It  is  stated  that  praseodymia  gives  no  such  spectrum 
unless  mixed  with  another  oxide,  e.g.  alumina  or  magnesia,  while  the  flame 
spectrum  of  neodymia  alone  is  said  to  be  very  hazy.  Most  observations 
of  these  spectra  have  been  made  with  erbia,  and  pure  erbia  has  not  yet 
been  prepared. 

The  flame  spectrum  of  a  rare  earth  differs  considerably  from  its  cathodic 
phosphorescence  spectrum,  but  is  closely  connected  with  its  reflection 
spectrum.  The  emission  bands  in  the  flame  spectrnm  of  erbia,  for  instance, 
are  in  almost  exactly  the  same  positions  as  the  absorption  bands  in  the 
reflection  spectrum  of  the  same  substance.  The  reflection  spectrum  varies  with 
the  temperature,  and  in  the  cases  of  erbia  and  neodymia  it  has  been  found  by 
Anderson  that  the  bands  in  the  flame  and  reflection  spectra  occupy  identical 
positions  when  examined  at  the  same  temperature.  This  result  is  in 
acco-rdanee  with  KirchhofPs  Law.^® 

The  flame  spectra  of  different  compounds  of  the  same  rare  earth  element 
exhibit  a  marked  resemblance  to  one  another,  without,  however,  being 
identical.il  Moreover,  it  follows  from  what  has  been  already  stated  that 
these  emission  spectra  must  correspond  approximately  with  the  absorption 
spectra  of  the  compounds  of  the  same  rare  earth  element.  This  correspond¬ 
ence  was  noted  by  Bahr  and  Bunsen. 

The  flame  spectra  of  the  rare  earths  are  of  little  or  no  practical  value 
to  the  chemist. 


Reversion  Spectra. 

When  the  spark  spectrum  of  a  solution  of  a  salt  is  examined  in  the  usual 
way  (p.  305),  the  external  metallic  electrode  and  the  salt  solution  are 


1  Bunsen,  Annalen,  1864,  131,  255  ;  Bahr  and  Bunsen,  ibid.,  1866,  137,  1. 

*  Bahr,  Annalen,  1865,  135,  376  ;  Bahr  and  Bunsen,  loe.  cit. 

^  Haitinger,  Monatsh.,  1891,  12,  362. 

^  Auer  von  Welsbach,  Sitzungsber.  K.  ATcad.  Wiss.  Wien,  1885,  92,  II.  317  ;  Monatsh., 
1885,  6,  477  ;  Haitinger,  loc.  cit.  ;  Schaum  and  Wiistenfeld,  Zeitsch.  wiss.  Photochem.,  1911, 
10,  226  ;  Anderson,  Astrophys.  J.,  1907,  26,  73. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1879,  88,  322  ;  89,  212;  Bettendoif,  Annaltn, 
1891,  263,  164. 

“  Bahr,  loc.  cit.  ;  Bahr  and  Bunsen,  loc.  cit.  ;  Lecoq  de  Boisbaudran,  Compt.  rend.,  1873, 
76,  1080  ;  Spectres  lumineux  (Paris,  1874) ;  Thalen,  Compt.  rend.,  1880,  91,  326  ;  Crookes, 
ibid.,  1886,  102,  506  ;  Hofmann  and  Bugge,  Aer.,  1908,  41,  3783  ;  Hofmann  and  Kirmreuther, 
Zeitsch.  physikal.  Chem.,  1910,  71,  312;  Anderson,  loc.  cit.-,  Schaum  and  Wiistenfeld, 
Zoc  (yi/t/ 

’  Thalen,  Compt.  rend.,  1880,  91,  376. 

®  Huggins,  Proc.  Roy.  Soc.,  1870,  18,  546  ;  Phil.  Mag.,  1870,  [iv.],  40)302;  Reynolds, 
ibid.,  1870,  [iv.],  40,  306. 

®  Anderson,  Astrophys.  J.,  1907,  26,  73. 

10  Anderson,  loe.  cit.  ;  see  also  Schaum  and  Wiistenfeld,  loc.  cit.,  and  Hofmann  and 
Kirmreuther,  loc.  cit. 

R  Lecoq  de  Boisbaudran,  Compt.  rend.,  1873,  76,  1080. 
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connected  to  the  positive  and  negative  poles  respectively  of  the  induction  coil. 
If  this  arrangement  is  reversed,  so  that  the  solution  is  positive  to  the  external 
electrode,  the  line  spectrum  of  the  metal  can  scarcely  be  seen,  but  with 
solutions  of  samarium,  europium,  terbium,  and  dysprosium  salts,  if  a  long 
spark  is  used,  the  liquid  surface  becomes  phosphorescent  immediately  below 
the  external  electrode  (see  fig.  26).  The  phosphorescent  light,  when 
examined  spectroscopically,  is  found  in  each  case  to  yield  a  discontinuous 
band  spectrum.  These  spectra  are  known  as  rever¬ 
sion  spectra  {spectres  de  renversemeni).  They  were 
discovered  by  Lecoq  de  Boisbaudran.^ 

The  reversion  spectra  bear  a  striking  resemblance 
to  the  corresponding  cathodic  phosphorescence  spectra. 
In  dilute  solution  they  are  practically  independent  of 
the  acid  radicle  present.  The  intensity  of  a  reversion 
spectrum  is  approximately  proportional  to  the  concen¬ 
tration  of  the  solution,  and  its  sensitiveness  is  com¬ 
parable  with  that  of  an  absorption  spectrum.^ 

,Q  Samarium  chloride  or  nitrate  solution  gives  a  yellow 

phosphorescence  the  spectrum  of  which  consists  of  three 
bands,  the  maxima  being  at  X6440,  X6000,  A5640.® 
Europium  (or  Z^)  gives  rise  to  a  red  phosphorescence. 
Fig.  26.— Apparatus  for  A  dilute  acid  solution  shows  two  beautiful  bands, 
production  of  rever-  (i.)  A6160  to  A6110,  maximum  at  A6125,  and  (ii.)  A5970 

sion  spectra.  C  is  ^5920  maximum  at  A5890.^ 

the  phosphorescent  mi-  /  n  \  -  ■  x. 

2.oj^e  Terbium  (or  gives  rise  to  a  beautiml  green 

phosphorescence.  The  spectrum  of  the  chloride  solu¬ 
tion  shows  four  distinct  bands,  the  maxima  being  situated  at  AA6205, 
5858,  5432,  and  4870.® 

Dysprosium  (or  Z^)  gives  rise  to  a  yellow  phosphorescence  the  spectrum 
of  which  consists  of  two  bands.  The  maxima  are  at  A5730  and  A4765.® 


Cathodic  Phosphorescence  Spectra. 

Historical. — In  1881  Crookes'^  discovered  that  numerous  substances, 
when  exposed  to  the  bombardment  of  the  cathode  rays,  emit  a  phosphor- 


1  Lecoq  de  Boisbaudran,  Compt.  rend.,  1885,  100,  1437  ;  Chem.  News,  1885,  52,  4. 

^  The  presence  of  certain  elements,  e.g.  iron  and  ruthenium,  inhibits  the  production  of 
the  reversion  spectra  (Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  103,  113). 

®  Demaiyay,  Compt.  rend.,  1900,  130,  1185  ;  cf.  Lecoq  de  Boisbaudran,  ibid.,  1892,  114, 
575  ;  1893,  I16,  611. 

Urbain,  J.  Chim.  phys.,  1906,  4,  247  ;  Deuiaiyay,  Compt.  rend.,  1900,  130,  1469  ; 
Lecoq  de  Boisbaudran,  Compt.  rend.,  1892,  114,  575  ;  1893,  116,  611,  674. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  102,  899  ;  Urbain,  J.  CMm.  phys.,  1906,  4, 
348. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  102,  899;  Urbain,  ibid.,  1906,  142,  785. 
For  further  information  concerning  reversion  spectra,  see  the  references  to  Lecoq  de 
Boisbaudran  cited  on  p.  296,  and  Urbain,  Ann.  Chim.  Phys.,  1909,  [viii.],  18,  222. 

’  The  work  of  Crookes  on  phosphorescent  spectra  will  be  found  in  the  following  memoirs 
or  reprints:  Compt.  rend.,  1879,  88,  283;  1881,  92,  1281;  1885,  100,  1380,  1495  ;  1886, 
102,  506,  646,  1464  ;  Phil.  Trans.,  1883,  174,  pt.  III.,  891  ;  1885,  176,  pt.  II.,  691;  Proc. 
Roy.  Soc.,  1881,  32,  256;  1883,  35.  262;  1885,  38,  414;  1886,  40,  77,  236,  502  ;  1887, 
42,  111 ;  Chem.  News,  1881,  43,  237;  1883,  47,  261  ;  1884,  49,  159,  169,  181,  194,  205  ; 
1885,  51,  301  ;  1886,  53,  75,  133  ;  54,  13,  29,  38,  40,  54,  63,  76,  155  ;  1889,  f  0,  27,  39,  51, 
63;  Brit.  Assoc.  Reports,  1886,  p.  558  ;  Trans.  Chem.  Soc.,  1888,  53,  487  ;  1889,  55,  250. 
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escent  light  which,  analysed  spectroscopically,  shows  in  general  a  faint  con¬ 
tinuous  spectrum  with  a  more  or  less  decided  concentration  in  the  region 
corresponding  with  the  colour  of  the  emitted  light.  Less  commonly,  the 
spectrum  is  discontinuous. 

In  studying  these  discontinuous  spectra,  Crookes  was  particularly 
interested  in  a  bright  citron  band  at  X5740,  and  endeavoured  to  identify 
the  element  which  gave  rise  to  it.  He  assumed  a  prim'i  that  the  brightness 
of  the  band  A5740  would  increase  in  proportion  as  the  element  responsible 
for  it  concentrated  in  his  preparations.  In  general  he  decomposed  his 
materials  with  sulphuric  acid,  evaporated  off  the  excess  of  acid,  and  exposed 
the  anhydrous  sulphates  to  the  cathode  rays.  After  many  experiments, 
the  element  was  traced  to  the  yttrium  group  of  the  rare  earth  elements. 
Accordingly,  he  prepared  specimens  of  the  yttria  earths  in  as  pure  a  state  as 
was  possible  at  that  period,  examined  their  sulphates,  and  identified  the 
sought-for  element  with  yttrium.  In  this,  however,  he  was  wrong,  for,  as 
will  be  seen  later,  the  citron  band  is  due  to  dysprosium. 

A  pair  of  orange  bands,  A5970  and  A6030,  also  attracted  attention, 
and  an  endeavour  was  made  to  trace  the  element  X  which  produced  them. 
As  the  result  of  many  experiments  carried  out  with  this  end  in  view, 
Crookes  discovered  the  remarkable  fact  that  the  compounds  of  X  are 
only  sensibly  phosphorescent  when  intimately  mixed  with  certain  other 
substances,  of  which  the  compounds  of  calcium  are  at  least  as  good  as 
any,  and  consequently  he  nearly  always  introduced  calcium  sulphate  into 
his  materials  when  studying  their  phosphorescence  spectra.  As  before, 
he  traced  X  to  the  rare  earth  elements,  and  on  examining  specimens  of 
Cleve’s  rare  earth  preparations,  correctly  identified  the  element  X  with 
samarium. 

Still  another  band,  a  red  one  at  A6090,  attracted  his  attention.  Some¬ 
times  it  was  nebulous;  at  other  times  it  was  clear  and  sharp,'and  almost  as 
narrow  as  a  spark  line.  In  the  phosphorescence  spectrum  of  samarium 
sulphate  it  was  very  feeble;  it  did  not  occur  in  the  spectrum  of  yttrium 
sulphate ;  but  in  the  spectra  of  certain  mixtures  of  these  sulphates  it 
stood  out  brilliantly.  Crookes  called  it  the  anomalous  line,  and  originally 
supposed  that  it  corresponded  to  a  vibration  that  could  only  be  set  up  by 
the  simultaneous  presence  of  samarium  and  yttrium.  Shortly  afterwards, 
however,  he  abandoned  this  idea,  and  attributed  the  anomalous  line  to  a 
separate  element  which  provisionally  received  the  designation  Sg.  It  will 
be  seen  subsequently  that  Sg  is  the  element  europium. 

Crookes  observed  that  the  citron  band  was  accompanied  by  numerous  red, 
green,  blue,  and  violet  bands,  a  number  of  which  were  extremely  sharp  and 
narrow.  In  1886  he  discovered  that  these  bands  varied  among  themselves 
in  relative  intensity  when  yttria  was  methodically  fractionated,  and  con¬ 
cluded  that  yttrium  must  be  an  extremely  complicated  substance  which 
can  be  split  up,  at  least  partially,  into  numerous  simpler  substances,  each 
characterised  by  a  phosphorescence  spectrum  of  great  simplicity,  consisting 
for  the  most  part  of  a  single  band.  From  further  experiments,  he  drew 
the  conclusion  that  samarium  and  Marignac’s  (gadolinium)  are  also 
complex  substances.  The  simpler  constituents  of  these  “elements”  he 
called  meta-elements  and  gave  provisional  names,  and  he  put  forward  a 
new  theory  of  the  nature  of  the  chemical  elements  in  his  British  Association 
address  in  1886.  Owing  to  the  striking  and  original  nature  of  these  views, 
they  created  great  interest. 
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The  compositions  of  samarium,  yttrium,  and  gadolinium  in  terms  of  their 
component  meta-elements  were  given  by  Crookes  in  1889  as  follows  : — 


Meta¬ 

element. 

K. 

Meta¬ 

element. 

A. 

Meta- 

element. 

A. 

Ss 

Ge 

Gy 

Ge 

6090 

5970 

5640 

6390 

j- Samarium 

G|3 

Gf 

5450 

6190 

j-  Gadolinium 

Ga 

Gp 

Gf 

Gs 

Ge 

G, 

4820 

5450 

6190 

5740 

5970 

6470 

Y 

-Yttrium 

It  will  be  seen  that  a  meta-element  could  enter  into  the  composition  of  more 
than  one  “  element.” 

These  ideas  were  all  opposed  by  Lecoq  de  Boisbaudran,^  who  in  1885 
discovered  two  new  rare  earth  elements,  and  Z^g,  belonging  to  the  terbia 
group,  by  means  of  their  reversion  spectra,  and  was  struck  by  the  re¬ 
semblance  between  these  spectra  and  the  phosphorescence  spectra  attributed 
by  Crookes  to  Gs  and  respectively.  By  careful  fractionation,  the  French 
spectroscopist  prepared  pure  yttria,  and  found  it  to  be  devoid  of  phosphor-, 
escence ;  the  addition  of  a  little  Z^  and  Z^,  however,  produced  the  “  yttrium  ” 
spectrum  described  by  Crookes.  He  further  found  that  whereas  the  atomic 
weight  of  yttrium  is  about  89,  the  values  for  Z^  and  are  about  160,  and 
that  the  spark  spectra  of  these  elements  show  no  lines  that  can  be  attributed 
to  yttrium.  Lecoq  de  Boisbaudran  therefore  concluded  that  pure  substances 
are  not  phosphorescent,  and  that  yttria  acts  merely  as  a  diluent,  in  which 
Za  and  Zp  are  able  to  exhibit  their  phosphorescence  spectra,  in  precisely  the 
same  way  as  Crookes  had  shown  lime  to  act  as  a  diluent  towards  samarium. 
He  further  showed  the  correctness  of  this  by  studying  numerous  phosphor¬ 
escent  systems  made  up  of  compounds  of  some  of  the  common  elements.  The 
view’s  propounded  by  Lecoq  de  Boisbaudran  were  not,  however,  accepted  by 
Crookes,  and  the  Crookes — de  Boisbaudran  controversy  served  but  to  emphasise 
the  difficulties  of  rare  earth  chemistry  without  either  of  the  protagonists 
succeeding  in  establishing  his  views  to  the  satisfaction  of  chemists  in  general. 
In  1900  Muthmann  and  Baur  ^  were  led  to  believe  that  Lecoq  de  Boisbaudran’s 
conclusions  were  incorrect ;  in  the  following  year,  however,  Baur,  in  associa¬ 
tion  with  Marc,  arrived  at  the  opposite  conclusion.® 

At  the  present  time  the  controversy  may  be  regarded  as  closed.  The 
beautiful  researches  of  Urbain  and  his  collaborators^  have  clearly  demon¬ 
strated  the  correctness  of  Lecoq  de  Boisbaudran’s  views,  and  the  fascinating 
theory  of  the  meta-elements  is  now  seen  to  be  nothing  more  than  a  daring 


^  Lecoq  de  Boisbaudran’s  work  on  phosphorescence  spectra  will  be  found  in  the  following 
papers:  Comp^.  rend.,  1885,  lOi,  552,  588  ;  1886,  I02,  153,  1536;  103,  113,  468,  627,  629 
1064,  1107  ;  1887,  104,  330,  478,  554,  824,  1584,  1680;  105,  45,  206,  258,  261,  301,  304, 
343,  347,  784,  1228  ;  1888,  106,  452,  1386,  1781  ;  107,  311,  468,  490  ;  1890,  no,  24,  67. 

®  Muthmann  and  Baur,  Ber.,  1900,  33,  1748. 

®  Baur  and  Marc,  Ber.,  1901,  34,  2460. 

^Urbain,  Ann.  Chim.  Phys.,  1909,  [viii.],  i8,  222-376;  Bruninghaus,  ibid.,  1910, 
[viii.],  20,  519-546  ;  21,  210-283.  See  also  Urbain,  Compt.  rend.,  1906,  142,  205,  1518  ; 

143,  229;  1907,  145,  1335;  J,  Chim.  phys.,  1906,4,  233  ;  Urbain  and  Scd,  ibid.,  1907, 

144,  1363, 
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but  erroneous  interpretation  of  experimental  results.  By  its  fall  the 
chemistry  of  the  rare  earths  lost  some  of  its  charm,  but  it  has  gained 
enormously  in  simplicity.^ 

General  Laws. — Experiment  shows  that  p^bre  substances  are  not 
sensibly  phosphorescent  when  exposed  to  the  cathode  rays;  the  phosphor¬ 
escence  exhibited  by  a  “pure”  substance  is  found  to  be  attributable  to  the 
presence  of  traces  of  impurities. 

The  addition  of  a  trace  of  a  second  compound  B  to  a  pure  non-phosphor- 
escent  compound  A  frequently  results  in  the  production  of  an  extremely 
phosphorescent  mixture.^  The  manner  in  which  the  intensity  of  phosphor¬ 
escence  varies  as  the  relative  amounts  of  A  and  B  are  changed  has  been 
examined  by  Urbain  and  Bruninghaus  for  a  large  number  of  mixtures,  and 
they  have  found  that  as  the  amount  of  one  compound,  say  B,  is  varied  from 
an  exceedingly  small  percentage  upwards,  the  intensity  of  the  phosphor¬ 
escence  (the  mode  of  excitation  being  the  same  throughout)  quickly  increases 
to  a  maximum  and  then  steadily  diminishes.^  The  percentage  of  B  present 
in  the  mixture  of  maximum  phosphorescing  power  depends  upon  the  natures 
of  both  A  and  B,  but  is  always  of  the  order  of  0'5  to  I'O  per  cent., 
and  mixtures  with  20  per  cent,  and  more  of  B  are  often  not  sensibly 
phosphorescent.^ 

When  B  is  a  rare  earth  compound,  the  phosphorescence  spectrum  is 
sharply  discontinuous,  often  exhibiting  a  large  number  of  quite  narrow 
bands,  and  as  the  percentage  of  B  alters,  so  also  does  the  colour  of  the 
phosphorescent  light.  Spectroscopic  observation  shows,  however,  that  the 
preceding  “maximum  law”  holds  good  ior  each  land  in  the  spectrum.  The 
colour  changes  are  due  to  the  fact  that  for  mixtures  of  two  given  substances 
A  and  B,  the  luminous  maxima  of  the  bands  correspond  to  different  per¬ 
centages  of  B  ;  in  other  words,  the  bands  vary  independently.  Concerning  the 
maxima  of  the  various  bands,  the  general  rule  may  be  stated  that  the  most 
refrangible  bands  are  at  their  maxima  for  smaller  percentages  of  B  than  is  the 
case  with  the  least  refrangible  bands.  Hence,  as  the  percentage  of  B  changes 
from  zero  upwards,  the  changes  observed  in  the  colour  of  the  phosphorescent 
light  occur  in  the  direction  from  blue  to  red  along  the  spectrum. 

The  percentage  of  B  corresponding  to  the  luminous  maximum  is  inde¬ 
pendent  of  the  intensity  of  the  exciting  cathode  rays,  and  also  of  the  tem¬ 
perature,  though  the  latter  factor  may  produce  sensible  changes  in  the 
phosphorescence  spectrum. 


^  In  addition  to  the  memoirs  already  cited,  the  following  also  relate  to  phosphorescence 
spectra ;  Marignac,  (Euvres  completes,  1902,  vol.  ii.  p.  811  ;  Bettendorf,  Annalen,  1891,  263, 
164;  1892,  270,  376  ;  Marc,  Ber.,  1906,  39,  1392;  Wiedemann  and  Schmidt, 
physical.  Chem.,  1895,  18,  629  ;  Goldstein,  Sitzungsber.  K.  Akad.  Wiss.  Berlin,  1900, 
p.  824  ;  Campbell-Swinton,  Froc.  Boy.  Soc.,  1899,  65,  115  ;  Kowalski  and  Gamier,  Compt. 
rend.,  1907,  I44j  ^^6. 

^  It  may  be  stated  here  once  for  all  that  mere  mechanical  mixing  is  not  sufficient ; 
substances  must  be  extremely  intimately  mixed  by  chemical  processes.  Thus  the  rare 
earth  oxide  mixtures  referred  to  later  are  made  by  precipitating  the  oxalates  together  Trom 
solution,  washing,  drying,  and  igniting  the  mixture.  By  treatment  with  concentrated 
sulphuric  acid,  sulphate  mixtures  are  obtained,  etc. 

®  This  law  is  called  la  loi  de  V optimum  by  its  discoverers. 

*  It  is  of  interest  to  notice  the  analogy  between  this  result  and  that  which  expresses  the 
manner  in  which  the  light-emitting  power  of  a  mixture  of  thoria  and  ceria  varies  with  the 
composition  ;  the  maximum  here  corresponds  to  0  '9  per  cent,  of  ceria,  and  the  light- 
emitting  power  diminishes  rapidly  as  the  percentage  of  ceria  is  decreased  or  increased  from 
this  value. 
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The  preceding  observations  naturally  suggest  the  question  as  to  whether 
the  phosphorescence  spectrum  observed  in  a  binary  mixture  is  to  be  attri¬ 
buted  to  B,  which  in  the  mixture  of  maximum  phosphorescing  power  does 
not  exceed  1  per  cent,  of  the  whole,  or  to  A,  or  to  both.  Is,  for  example, 
the  phosphorescence  spectrum  of  terbia — gadolinia  mixtures  to  be  attributed 
to  terbia,  to  gadolinia,  or  to  both  ?  It  is  fou»d  that  mixtures  of  terbia  and 
either  yttria,  lime,  alumina,  or  glucina  give  phosphorescent  spectra  which, 
without  being  identical,  exhibit  a  very  strong  family  resemblance  to  one 
another  and  to  the  terbia— gadolinia  spectrum.  Moreover,  the  five  mixtures 
phosphoresce  most  brilliantly  for  quantities  of  terbia  of  about  I  per  cent. 
Gadolinia,  however,  when  mixed  with  any  of  the  other  four  oxides,  yields  a 
mixture  which  produces  no  visible  phosphorescence.  The  observed  phos¬ 
phorescence  of  the  system  terbia — gadolinia  must  therefore  be  attributed  to 
terbium,  in  just  the  same  way  as  the  absorption  spectrum  of  an  aqueous 
solution  of  neodymium  chloride  is  attributed  to  the  neodymium  chloride. 

Accordingly,  in  a  system  A — B  which  exhibits  a  maximum  phosphor¬ 
escence  when  the  amount  of  B  present  is  only  of  the  order  of  1  per  cent.,  the 
phosphorescence  is  a  specific  property  of  B.  The  substance  B  is  called  the 
'phosphor ogen  (or  active  matter)  and  A  the  diluent. 

It  has  been  mentioned  that  the  spectra  of  terbium  in  various  diluents 
exhibit  a  marked  similarity,  but  that  they  are  not  identical.  This  influence 
of  the  diluent  is  a  general  phenomenon,  and  was  observed  by  Crookes, 
particularly  for  the  samarium  spectrum.  The  spectra  of  a  phosphorogen 
in  various  diluents  exhibit  bands  in  the  same  regions  of  the  spectrum,  but 
the  positions  of  similar  bands  are  not  identical.  There  is  very  little  difference, 
however,  in  passing  from  one  diluent  to  another  if  the  metallic  constituents 
of  the  diluents  are  the  same,  e.g.  the  spectra  of  samarium  are  very  similar 
when  the  oxide,  sulphate,  fluoride,  and  borate  of  samarium  are  diluted  in  the 
corresponding  salts  of  calcium ;  but  a  change  in  diluent  from,  say,  lime  to 
yttria,  produces  a  small  but  decided  change  in  the  positions  of  the  bands. 
The  nature  of  the  spectrum  of  a  phosphorogen  also  depends  upon  the  physical 
state  of  the  diluent,  and  hence,  in  the  oxide  systems  to  be  described  later, 
dififers  somewhat  according  as  the  preparation  has  been  made  by  heating  the 
oxalates  or  the  sulphates. 

It  is  beyond  the  scope  of  this  book  to  enter  into  a  discussion  of  the  various 
theories  of  phosphorescence,^  but  it  may  be  observed  that  phosphorogens  are 
coloured  substances,  compounds  of  metals  the  salts  of  which  are  coloured  and 
exhibit  absorption  spectra  in  solution.  Good  diluents,  howevei-,  are  colourless 
compounds  practically  devoid  of  electrical  conductivity.  These  statements 
apply  to  systems  which  are  visually  phosphorescent;  it  is  possible  for  a 
colourless  substance  to  act  the  role  of  a  phosphorogen,  gadolinia  being  a 
case  in  point,  but  its  phosphorescence  spectrum  lies  in  the  ultra-violet  region. 
It  is  significant  that  gadolinium  exhibits  a  well-defined  ultra-violet  absorption 
spectrum.  Apparently,  a  siibstance  does  not  act  both  as  a  diluent  and  a 
phosphorogen,  but  does  act  both  as  an  absorber  and  a  phosphorogen  in  the 
same  region  of  the  spectrum.  However,  in  the  case  of  the  rare  earths  at 
least,  the  phosphorescence  and  absorption  bands  do  not  coincide. 

In  practice,  systems  more  complex  than  the  binary  systems  hitherto 
discussed  are  encountered.  Varioiis  ternary  systems,  in  which  two  phos¬ 
phorogens  are  diluted  in  a  common  diluent,  have  been  studied  by  Urbain 


^  On  this  point  see  Bruninghaiis,  loc.  cit. 
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and  Seal,  and  it  has  been  found  that  the  observed  phospliorescence  spectrum 
of  such  a  system  is  made  up  of  the  spectra  of  the  two  phosphorogens,  though 
in  each  component  spectrum  the  relative  intensities  of  the  bands  may  differ 
somewhat  from  those  observed  in  the  spectrum  of  the  corresponding  binary 
system.  For  each  spectrum  the  loi  de  Voptimum  holds  good,  but  each 
phosphorogen  appears  to  diminish  the  luminosity  of  the  spectrum  of  the 
other,  and  in  this  action  the  less  intense  phosphorescence  suffers  much  more 
than  the  other. 

The  Phosphorescence  Spectra  of  the  Rare  Earths.  — So  far  as 

visible  phosphorescences  are  concerned,  lanthana,  gadolinia,  and  yttria  act 
as  diluents,  and  praseodymia,  neodymia,  samaria,  europia,  terbia,  dysprosia, 
and  erbia  act  as  phospborogens,  and  rare  earth  mixtures 
in  which  a  large  excess  of  diluent  is  present  phos¬ 
phoresce  brightly  under  the  influence  of  the  cathode 
rays.  It  is  curious  to  notice  that  holmia  and  thulia 
do  not  appear  to  act  as  phosphorogens,  although  the 
salts  of  holmium  and  thulium  exhibit  well-defined 
absorption  spectra. 

The  form  of  vacuum  tube  best  suited  to  the  obser¬ 
vation  of  cathodic  phosphorescence  spectra  is  indicated 
in  fig.  27.  The  electrodes  A  and  C  are  made  of 
aluminium.  The  substance  under  examination  is  placed 
in  the  lower  part  of  the  apparatus  (which  is  joined  to 
the  upper  part  by  a  lubricated  ground  glass  joint)  with 
its  surface  slightly  inclined.  The  upper  part  of  the 
apparatus  is  sealed  on  to  a  mercury  pump  by  means  of 
a  side  tube  not  shown  in  the  diagram.  For  observing 
the  spectra,  a  spectroscope  of  not  too  great  dispersion 
should  be  used,  and  the  slit  opened  fairly  widely.  In  Fia.  27.— Apparatus  for 
photographing  the  spectra,  an  exposure  of  from  twenty  phorphoreSente 

minutes  to  two  hours  is  necessary,  and  in  order  to  include  spectra, 

the  ultra-violet  region,  a  special  form  of  tube  with  a 

quartz  window  B  should  replace  the  bottom  part  of  the  apparatus  (see  the 
dotted  portion  of  fig.  27). 

Binary  Systems.^ — From  the  practical  point  of  view,  systems  in  which 
lanthana  is  the  diluent  are  not  of  much  interest;  those  with  gadolinia  or 
yttria  are  much  more  important. 

Praseodymium. — When  diluted  in  lime,  praseodymia  exhibits  a  red  phos¬ 
phorescence,  and  so  also  does  the  sulphate  when  diluted  in  calcium  sulphate. 
The  spectra  are  indicated  in  figs.  28  and  29.^ 


^  To  prepare  binary  rare  earth  mixtures,  precipitate  the  oxalates  together,  and  calcine  in 
a  muffle  furnace  ;  to  prepare  rare  earth — lime  mixtures,  precipitate  the  mixed  carbonates,  and 
ignite  to  oxides  over  a  good  Bunsen  burner  ;  to  prepare  rare  earth — alumina  or  rare  earth — 
giucina  mixtures,  strongly  ignite  the  precipitated  mixed  hydroxides  ;  etc.  The  diluents 
should  be  pure.  Ordinary  “  pure  ”  lime  gives  an  orange  phosphorescence  due  to  traces  of 
manganese  ;  calcium  nitrate  should  be  fractionally  crystallised  from  nitric  acid  in  order  to 
eliminate  the  manganese  (in  the  tails).  Ordinary  alumina  gives  a  red  phosphorescence  due 
to  traces  of  chromium  ;  the  nitrate  should  be  fractionally  crystallised  from  nitric  acid  to 
remove  the  chromium  (in  the  tails) ;  etc. 

The  relative  intensities  of  the  bands  in  the  spectra  are  represented  in  the  accompanying 
drawings  by  plotting  the  intensities  as  ordinates  against  a  scale  of  wave-lengths  (unit 
=  10  angstroms).  They  represent  Urbain’s  results,  and,  unless  otherwise  stated,  referto  the 
spectra  when  at  their  luminous  maxima  (about  1  per  cent,  of  phosphorogen). 
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Neodymium. — The  phosphorescence  is  not  very  bright.  With  the  system 
NdjOg — OaO,  the  following  maxima  are  observed  : — 

5045;  4690;  4660;  4610;  4575;  4515;  4400;  4295;  4270;  4230 ; 
4220;  4190;  3980;  3920. 

The  system  Nd2(S04)3—CaS04  shows  only  one  broad  band,  from  A5770 
to  A5010. 

Samarium. — The  phosphorescence  produced  by  samarium  is  orange-yellow, 
orange,  or  orange-red  in  colour.  The  spectra  observed  when  the  diluents  are 
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Fig.  28. — Phosphorescence  spectra  of  the  rare  earths  diluted  with  quicklime. 

calcium  oxide,  sulphate,  and  fluoride  and  gadolinium  oxide  and  sulphate  are 
shown  in  flgs.  28-32. 

Europium. — The  colour  of  the  europium  phosphorescence  is  generally 
orange-red  or  carmine-red.  The  spectra  observed  with  oxide,  sulphate,  and 
fluoride  of  calcium  and  oxide  and  sulphate  of  gadolinia  as  diluents  are  shown 
in  flgs.  28-32. 

The  optimum  mixture  for  EugOg — GdgOg  contains  only  0'42  per  cent,  of 
europia.  With  this  system,  the  variations  in  the  relative  intensities  of  the 
bands  with  the  dilution  is  exhibited  in  a  most  striking  manner. 

Europium  was  shown  by  Demar9ay^  to  be  identical  with  Crookes’s  Ss. 
The  identity  has  been  disputed  by  Crookes,^  since  the  position  of  the 
“  anomalous  band  ”  given  by  Demar9ay  and  later  by  Urbain  does  not  agree 


*  Deniar9ay,  Compt.  rend.,  1901,  132,  1484. 

®  Crookes,  Chem.  Neios,  1901,  84,  2;  1906,  92,  26;  Proe.  Poy.  Soc.,  1906,  A,  76, 
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with  the  position  A6090  that  he  found.  This  discrepancy,  however,  is  due 
to  change  of  the  diluent.^ 

Gadolinium. — The  phosphorescence  spectrum  of  gadolinium  lies  wholly 
in  the  ultra-violet  region,  and  for  the  system  GdgOg — CaO  comprises  the 
following  maxima : — 


3166;  3159;  3155-5;  3153;  3150-5;  3147;  3144,  3140-5;  3138;  3136; 
3134;  3130;  3094;  3088-5;  3085;  2828-3;  2789-5. 

The  gadolinium  spectrum  is  of  particular  interest.  In  1899  Crookes  2 
observed  a  new  phosphorescence  spectrum  in  the  ultra-violet  region  and 
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Fig.  29. — Phosphorescence  spectra  of  rare  earth  sulphates  diluted  with 

calcium  sulphate. 


■Er 


attributed  it  to  an  element  victorium.®  According  to  Crookes,  “  victoria  ” 
was  more  basic  than  terbia,  but  less  so  than  yttria,  and  the  atomic  weight 
of  “victorium”  was  equal  to  about  117. 

In  1905  Crookes^  concluded  that  Urbain’s  purest  gadolinia  contained 
“  victorium  ”  as  an  impurity.  Urbain  has  shown,  however,  that  the  phosphor¬ 
escence  spectrum  which  defines  “  victorium  ”  is  really  part  of  the  gadolinium 
spectrum,®  If  “victorium”  were  present  merely  as  impurity  in  gadolinium, 
then  dilution  of  gadolinia  with  a  large  excess  of  lime  should  cause  the  “  vic¬ 
torium  ”  phosphorescence  spectrum  to  vanish.  Actually,  it  greatly  intensifies 
the  spectrum,  which  is  shown  very  feebly  by  practically  pure  gadolinia.  The 


1  On  this  point  see  also  Lecoq  de  Boisbaudran,  Gompt.  rend.,  1892,  114,  575;  1893, 
116,  611. 

2  Crookes,  Vroe.  Roy.  Soc.,  1899,  65,  237  ;  Chem.  News,  1899,  79,  212 ;  80,  49. 

3  First  called  monium. 

*  Crookes,  Chem,  News,  1905,  91,  61  ;  1906,  93,  143. 

®  Urbain,  J.  01dm.  phys,,  1906,  4,  321 ;  Ann.  Ghim.  Rhys.,  1909,  [viii.],  18,  301. 
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“  victorium  ”  spectrum,  in  fact,  is  at  its  maximum  in  the  system  Gd203 — CaO 
when  about  1  per  cent,  of  gadolinia  is  present.  According  to  Urbain,  the 
method  employed  by  Crookes  in  isolating  “  victorium  ”  can  only  lead  to  the 
production  of  a  mixture  composed  essentially  of  gadolinium  and  yttrium,  the 
number  of  fractions  being  far  too  small  to  lead  to  the  isolation  of  a  new 
earth.  Moreover,  there  is  no  corroborative  evidence  in  favour  of  the  view 
that  a  new  element  of  atomic  weight  117  can  be  separated  anywhere  between 
samarium  and  dysprosium.  Most  convincing  of  all,  a  mixture  of  226  parts 
of  gadolinia  and  58  parts  of  yttria  corresponds  to  an  “  atomic  weight  ”  of 
118  and  possesses  all  the  properties  associated  by  Crookes  with  oxide  of 
“victorium.”’  The  “victorium”  spectrum  observed  by  Crookes  is,  then, 
the  spectrum  of  gadolinium  in  the  system  Gd2(S04)3 — ¥2(804)3. 


Eig.  30. — Phosphorescence  spectra  of  the  rare  earth  fluorides  diluted  with 

calcium  fluoride. 


The  spectrum  of  gadolinium  is  more  sensitive  in  calcium  sulphate  than 
in  calcium  oxide. 

Terdium.— The  phosphorescence  of  a  system  containing  terbium  is  blue, 
bluish-green,  or  green,  according  to  the  amount  of  terbium  present.  The 
spectra  of  terbium  in  calcium  oxide,  sulphate,  and  fluoride  and  in  gadolinium 
oxide  and  sulphate  are  shown  in  figs.  28-32. 

The  spectrum  of  terbium  extends  a  considerable  distance  into  the  ultra¬ 
violet.  In  addition  to  the  bands  shown  in  the  diagram,  the  system  Tb203 — 
CaO  shows  the  following  : — 

5030;  4945;  4895;  4855;  4825;  4785-4730;  4670;  4640;  4620-4570; 
4472 ;  4455 ;  4440 ;  4410  ;  4395  ;  4370 ;  4350  ;  4340 ;  4300  ;  4280 ;  4245  ; 

4220;  4210;  4200;  4190;  4180;  4160;  4145;  4140;  4130 ;  4120;  3915; 

3900 ;  3880 ;  3865-3840 ;  3820 ;  3805  ;  3795-3780 ;  3770 ;  3750 ;  3735 ; 


’  Its  pale  brown  colour  (due  to  terbium)  excepted. 
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The  system  Tb^^SO  — Gd2(SO^)3  shows  the  following  additional  bands  ; — 

4995-4975;  4900-4830;  4730;  4580;  4420;  4370;  4355;  4300; 
4195-4065;  3956;  3935;  3850;  3810;  3765. 

The  system  Tb2(S04)3 — CaSO^  shows  the  following  bands  ; — • 

4990-4840;  4750-4675;  4590-4510;  4420;  4390;  4355;  4320;  4255; 
4190-4080;  3865-3765;  3735-3685. 

The  system  TbFg — CaFg  shows  the  following  bands  : — 

5020-4890  ;  4890-4825  ;  4705  ;  4650-4550 ;  4435-4405 ;  4390 ;  4380- 
4350;  4310;  4270;  4245;  4220-4200 ;  4190-4170;  4135 ;  3865;  3825; 
3800. 


i'lQ.  31. — Phosphorescence  spectra  of  the  rare  earths  diluted  with  gadolinia 
(oxides  prepared  from  oxalates). 


The  spectrum  of  terbium  is  of  considerable  interest.  In  1906  Crookes^ 
announced  the  discovery  of  two  new  rare  earth  elements,  incognitum  and 
ionium,^  which  he  characterised  by  their  ultra-violet  phosphorescence  spectra. 
The  maxima  were  AA3760,  3819,  3852  for  “incognitum”  and  AA,4354,  4374, 
4423  for  “ionium.”  Eeference  to  the  figures  given  ab'ove  will  show  that  the 
“  incognitum  ”  and  “  ionium  ”  spectra  form  part  of  the  terbium  spectrum  in 
the  system  Tb2(SO^)g — Gd2(S04)3.  The  spectra  assigned  by  Crookes  to  the 
“  meta-elements  ”  G^,  Gp,  and  G^  also  form  parts  of  this  same  spectrum. 

The  independent  variations  in  the  intensities  of  the  different  bands  in  the 
terbium  spectrum  with  the  dilution  are  exhibited  in  a  most  striking  manner. 

Dysprosium. — The  phosphorescence  due  to  this  element  is  pure  yellow  or 
greenish-yellow  in  colour.  The  spectra  observed  in  calcium  oxide,  sulphate, 
and  fluoride  and  in  gadolinium  oxide  and  sulphate  as  diluents  are  shown  in 
figs.  28-32. 

Dysprosium  is  the  element  responsible  for  Crookes’s  citron  band.  The 


^  Crookes,  Ghem.  Neios,  1905,  92,  273. 

®  Not  to  be  confused  with  the  radioactive  element  of  that  name. 
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correspondence  of  the  band  at  A.5848  in  the  system  DygOg — CaO  with  the 
citron  band  A5740  has,  however,  been  denied  by  Crookes.^  The  difference 
in  wave-length  is  due  to  the  fact  that  in  his  experiments  the  diluent 
was  not  lime  but  yttrium  sulphate.  It  will  be  seen  from  the  diagram 
(fig.  32)  that  when  the  diluent  is  gadolinium  sulphate,  the  dysprosium 
spectrum  reduces  to  an  intense  band  at  X5740.  Moreover,  it  is  found  that 
the  addition  of  a  trace  of  dysprosia  to  a  sample  of  yttria  so  pure  as  scarcely  to 
show  the  citron  band  causes  that  band  to  stand  out  with  great  brilliance.  The 
spectrum  of  dysprosium  in  yttria  as  diluent  comprises  the  following  bands 
(yellow  phosphorescence)  : — 

5876;  5850;  5830;  5790;  5757;  5740;  5730;  5705;  5670;  5640; 
5587;  5540;  5495;  5470;  5375;  5360. 


Sm 


Erbium. — The  phosphorescences  due  to  erbium  are  either  green,  greenish- 
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Fig.  32. — Phosphorescence  spectra  of  rare  earth  sulphates  diluted  with 
gadolinium  sulphate. 


blue,  or  blue.  The  spectra  observed  with  calcium  oxide,  sulphate,  and  fluoride 
as  diluents  are  shown  in  figs.  28,  29,  and  30.^ 

The  following  bands  are  exhibited  by  erbia  diluted  in  yttria : — 

6610;  6540;  6730;  5680;  5642;  5615;  5568;  5535;  6510;  5500; 
5490 ;  5475  ;  5460 ;  5390 ;  5340 ;  5325 ;  5290 ;  5270 ;  5263 ;  5255 ;  5235  ; 
5225;  5210;  5200. 

Ternary  Systems. — In  ternary  systems  composed  of  two  phosphorogens 
and  one  diluent  the  order  of  decreasing  sensitiveness  of  the  four  most  active 
phosphorogens  is  dysprosium,  terbium,  europium,  and  samarium,  except  in 
oxide  systems.  In  the  latter  case,  the  order  of  decreasing  sensitiveness  is 
terbium,  europium,  dysprosium,  samarium,  praseodymium,  and  neodymium. 
As  has  been  already  mentioned,  when  two  phosphorogens  are  simultaneously 
present  the  most  sensitive  spectrum  is  slightly,  and  the  other  considerably 
enfeebled. 

The  preceding  considerations  indicate  that  when  the  rare  earths  are 


^  CrookeSj  Chcm.  News,  1906,  94,  79. 

®  The  erbia  used  contained  30  per  cent,  of  yttria,  and  the  Er^Os — CaO  system  contained 
1  '6  per  cent,  of  the  erbia — yttria  mixture. 
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present  to  a  minute  extent  in  a  mineral  and  the  latter  is  examined  by  the 
method  of  Crookes  (p.  295)  for  its  phosphorescence  spectrum,  the  hands  most 
readily  observed  will  be  the  citron  band  of  dysprosium,  the  orange  bands  of 
samarium,  the  green  bands  of  terbium,  and  the  “anomalous  band”  of 
europium.  That  the  last  named  often  fails  to  make  its  appearance  is  due 
to  the  extreme  rarity  of  europium,  which  is  only  one-fiftieth  as  plentiful  as 
dysprosium. 

Utility  of  Phosphorescence  Spectra  in  Analysis. — For  analytical 
purposes  it  is  best  to  dilute  a  small  portion  of  the  rare  earth  mixture  to  be 
examined  with  pure  lime  so  that  the  mixture  contains  1  per  cent,  of  rare 
earths.  A  pure  rare  earth  that  acts  only  as  a  diluent  then  shows  practically 
no  phosphorescence,  while  a  pure  rare  earth  phosphorogeu  phosphoresces  with 
its  maximum  power ;  with  a  rare  earth  mixture,  on  the  other  hand,  each 
phosphorogen  gives  rise  to  its  own  phosphorescence  spectrum,  but  not  at  its 
maximum  brilliancy.  The  phosphorogens  present  may  be  recognised  by  the 
positions  of  their  bands  and  reference  to  fig.  28.  According  to  Urbain,  the 
observations  may  be  made  with  the  same  degree  of  certainty  as  may  observations 
of  arc  or  spark  spectra,  with  the  advantage  that,  unlike  these  latter  spectra, 
“  parasite  ”  rays  {e.g.  air  lines  and  lines  of  gold  or  platinum  in  the  spark  and 
carbon  bands  in  the  arc)  are  absent. 


Line  Spectra. 

Arc  and  Spark  Spectra. — The  line  spectra  of  the  elements  as  usually 
observed  may  be  divided  into  arc  and  ?,parTc  spectra  according  to  the  nature 
of  the  experimental  procedure  followed  in  producing  them. 

The  arc  spectra  of  the  rare  earth  elements  are  most  simply  produced  by 
introducing  small  quantities  of  their  oxides  into  the  positive  crater  of  a  carbon 
arc  light  and  focussing  the  light  upon  the  slit  of  the  spectroscope.  Since  the 
arc  spectra  are  very  rich  in  lines,  the  most  important  of  which  lie  in  the 
ultra-violet  region,  the  spectra  must  be  produced  by  means  of  an  instrument 
of  high  dispersion,  the  optical  parts  must  be  made  of  quartz,  and  the  spectra 
must  be  photographed.  Lines  and  bands  due  to  the  carbon  arc  itself  are 
eliminated  by  taking,  on  the  same  plate,  a  comparison  photograph  of  the 
spectrum  of  the  arc ;  the  wave-lengths  of  the  lines  are  found  by  taking 
another  comparison  photograph  of  a  known  spectrum,  usually  the  arc  spectrum 
of  iron. 

The  sparTc  spectra  of  the  rare  earth  elements  are  most  conveniently 
obtained  by  the  following  method  of  illumination  :  electric  sparks  from  an 
induction  coil  or  transformer  are  passed  between  a  platinum,  gold,  or  graphite 
electrode  and  a  solution  of  the  chloride  or  nitrate  of  a  rare  earth  metal, 
the  solution  being  made  negative  to  the  other  electrode.  Here,  again,  the 
spectra  should  be  photographed,  since  the  most  important  lines  lie  in  the 
ultra-violet  region. 

Numerous  convenient  forms  of  apparatus  have  been  described,  and  one  is 
shown  in  fig.  33. ^  A  piece  of  glags  tubing  about  six  inches  long  and  with 
a  capillary  bore  is  bent  into  a  U-tube,  as  shown,  and  a  small  funnel  of  about 
2  c.c.  capacity  blown  at  each  end.  A  gold  wire  is  passed  through  the  capillary 
tube  and  made  to  project  a  little  above  the  rim  of  the  lower  funnel ;  over  its 


^  For  others,  see  Baly,  Spectroscopy  (Longmans,  2nd  ed.,  1912);  Crookes,  Proc.  Roy. 
Soc.,  1903,  A,  72,  295  ;  Chem.  News,  1903,  88,  202. 
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projecting  end  a  short  piece  of  thin- walled  capillary  tubing  is  slipped  so  that 
the  end  of  the  wire  is  level  with  the  top  of  the  tubing.  The  salt  solution 
ascends  the  capillary  and  keeps  the  end  of  the  gold  wire 
well  wetted.  Another  gold  wire  serves  as  the  external, 
positive  electrode. 

In  examining  the  spark  spectrum  of  a  rare  earth 
element  it  is  usual  to  make  use  of  the  condensed  spark, 
by  inserting  an  electrical  condenser  in  parallel  with  the 
sparking  apparatus.  Further,  in  order  to  eliminate 
spectrum  lines  due  to  air,  a  self-induction  coil  is  generally 
introduced  into  the  secondary  circuit.  A  powerful  induc¬ 
tion  coil  or  transformer  is  necessary,  in  order  to  obtain 
a  heavy  spark  discharge,  for  the  spark  spectra  of  the 
rare  earth  elements  are  not  equally  sensitive,  and  when 
Fig.  33.— Apparatus  dealing  with  mixtures  a  feeble  spark  only  suffices  to  bring 
for  ]^oductioii  of  lines  of  the  most  sensitive  spectrum.  It  is  a  rather 
spar  spec  ra.  fortunate  circumstance  that  the  most  sensitive  spark 
spectra  are  those  of  the  rare  earth  elements  that  do  not  give  rise  to  absorption 
spectra.  The  sensitiveness  of  the  yttrium  spectrum,  for  instance,  is  very  great. 

When  the  spark  spectrum  of  an  aqueous  solution  of  a  salt  is  examined, 
it  is  found  that  as  the  solution  is  gradually  diluted  the  lines  weaken  and  die 
out  at  different  rates.  Given  the  same  conditions,  however,  it  was  found  by 
Hartley  ^  that  the  same  lines  always  disappear  at  the  same  dilution.  Hartley’s 
work  has  been  continued  by  de  Gramont^  and  by  Pollok  and  Leonard,  ^  who 
have  given  the  name  of  ultimate  or  residual  lines  to  those  few  lines  that 
nersist  the  longest  when  the  solution  is  diluted.  It  will  be  obvious  that 
when  the  relative  degrees  of  persistency  of  the  various  lines  in  the  spark 
spectrum  of  an  element  have  been  determined,  the  observations  may  be 
advantageously  employed  for  purposes  of  quantitative  analysis.  The  results 
are  conveniently  represented  in  the  following  manner,  due  to  Hartley :  lines 
seen  in  a  O’OOl  per  cent,  solution  of  the  metal  are  denoted  by  u,  those  seen 
in  a  O'Ol  per  cent,  but  not  in  a  O’OOl  per  cent,  solution  by  i}/,  those  seen  in 
a  OT  per  cent,  but  not  in  a  O'Ol  per  cent,  solution  by  y,  those  seen  in  a 
I'O  per  cent,  but  not  in  a  OT  per  cent,  solution  by  (f>,  those  only  seen  in 
solutions  more  concentrated  than  I'O  per  cent,  by  cr,  and  those  seen  in  the 
metallic  spark  but  not  given  by  an  aqueous  salt  solution  by  t. 

In  the  case  of  the  rare  earth  elements,  the  necessary  measurements  have 
only  yet  been  effected  for  cerium,  lanthanum,  and  yttrium.'^ 

With  regard  to  the  ultimate  lines  in  the  spectrum  of  an  element  it  is 
important  to  note  that  they  are  not  necessarily  the  lines  towards  which 
a  photographic  plate  is  most  sensitive  (i.e.  the  most  intense  lines).  The 
data  for  cerium  in  the  accompanying  table  of  wave-lengths  will  serve  to 
illustrate  this  point.  In  a  number  of  cases,  according  to  de  Gramont,  the 
ultimate  lines  of  an  element  are  independent  of  the  method  by  which  the 


^  Hartley,  Phil.  Trans.,  1884,  175,  325.  • 

*  A.  de  Gramont,  Compt.  rend.,  1907,  144,  1101  ;  145,  231  ;  1908,  146,  1260  ;  147,  239, 
307  ;  1909,  149,  263  ;  1910,  150,  1235  ;  151,  308  ;  1914,  159,  5  ;  Ann.  Chini.  Phys.,  1909, 
[viii.],  17,  437. 

®  Pollok,  Sci.  Proc.  Roy.  Dull.  Soc.,  1907,  II,  184,  331  ;  Pollok  and  Leonard,  ibid., 
1907-8,  II,  217,  229,  257  ;  Leonard,  ibid.,  1908,  11,  270. 

*  Pollok  and  Leonard,  loc.  cit.  The  condensed  spark  was  used  and  the  apparatus  pictured 
in  fig.  33  utilised. 
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spectrum  is  produced  (flame,,  spark,  arc,  etc.).  When,  as  often  happens,^  this 
is  not  the  case,  it  is  nevertheless  found  that  the  ultimate  lines  are  always 
lines  of  great  persistency  in  the  condensed  spark  spectrum. 

A  number  of  regularities  in  the  line  spectra  of  some  of  the  rare  earth 
elements  has  been  observed,  but  no  definite  series  of  lines  have  yet  been 
detected.^ 

The  accompanying  table  gives  the  wave-lengths  of  the  most  intense,  and, 
where  known,  the  most  persistent  lines  in  the  arc  and  spark  spectra  of  the 
rare  earth  elements. 


^  Pollok,  Sci.  Proc.  Roy.  Buhl.  8oc.,  1912,  13,  202,  253. 

®  See  Hicks,  Phil.  Trans.,  1912,  A,  212,  33  ;  1913,  A,  213,  323  (Sc,  Y,  La,  Gd,  Yb) ; 
Popov,  An7i.  PhysiJc,  1914,  [iv.],  45,  147  (Y) ;  Paulson,  ibid.,  1914,  [iv.],  45,  419  (So,  Y), 
1203  (La);  Physical.  Zeitsch.,  1914,  15,  892  (Y,  Sc,  Lu) ;  1915,  16,  7  (Gd),  352  (Tin). 


CHIEF  ARC  AND  SPARK  LINES  IN  THE  SPECTRA  OF  THE 
RARE  EARTH  ELEMENTS.* 


Spark. 

Arc. 

Spark. 

Arc. 

Spark. 

Arc. 

Celtium.i 

2949-5 

4150-09 

4382-32 

3080 -7  2 

4165-75® 

4386-95 

2459-4 

3118-6  2 

4181-25^ 

4460-40 

2469-3 

3171-4 

4186-71 

4479-52 

2481-6 

3197-92 

4296-88 

4487-06 

2536-9 

3326-0 

4391-81 

4527-51 

2677-7 

3391-5 

4460-38 

4528-64 

2685-2  2 

3665-6 

4627 '62^ 

4539-90 

2729-1 

4562-52 

4562-52 

2737-9 

Cerium. 

4572-46 

4572-45 

2765-8 

4594-12 

4594-11 

2834-3 

2603-72^ 

3952-77 

4628-33 

46-28-33 

2837-3 

3056-66^ 

4119-99 

507 9 -6^ 

5353-72 

2845-2 

3801-71 

4150-11 

6511-2^ 

5512-27 

2870-2 

3940-49^ 

4186-78 

6272-28 

2885-1 

4012-58 

4222-78 

6371-36 

2903-9 

4133-98 

4296-88 

2931-7 

4137-78 

4337-96 

Only  the  range  a.2450  to  A.3700  has  been  examined. 
The  most  intense  arc  lines  of  celtium. 

®  Degree  of  persistency  equal  to  x- 


*  With  the  exception  of  the  lines  of  celtium,  the  lines  given  in  these  tables  in  ordinary 
and  in  clarendon  types  represent  the  “  hauptlinien  ”  or  most  intense  lines,  and  are  taken  from 
Exner  and  Haschek,  Die  SpeMren  der  Elemente  hei  no7’malem  Bruck  (Leipzig  and  Vienna, 
1911).  Lines  given  in  italics  are  among  the  persiste^it  but  not  among  the  most  intense 
lines.  Where  they  are  known,  the  relative  persistences  of  the  spark  lines  are  indicated  in 
Hartley’s  notation  (p.  306).  Lines  of  intensity  50  or  over  on  Exner  and  Haschek’s  scale  of 
intensities  are  given  in  heavy  type. 

The  wave-lengths  given  by  Exner  and  Haschek  are  correct  to  within  one  or  two  units  in 
the  second  decimal  place.  Bearing  this  in  mind  it  is  easy  to  pick  out  the  “hauptlinien ”  of 
a  rare  earth  element  that  are  common  to  the  arc  and  spark  spectra, 

Spaek  SpeoteA. — The  following  is  not  a  complete  bibliography,  but  includes  practically 
all  the  modern  references  to  the  spark  spectra  of  the  rare  earths  : — 

Cerium. — Brauner,  Monatsh.,  1882,  3,  1;  Lohse,  Publ.  Astrophys.  Observ.  Potsdam, 
1902,  12,  109  ;  Pollok  and  Leonard,  Sci.  Proc.  Roy.  Bubl.  Soc.,  1908,  il,  257  ;  Exner  and 
Haschek,  Sitzungsber,  K.  Akad.  Wiss,  Wien,  1899,  108,  lla,  1071,  and  opus  cit. 
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CHIEF  ARC  AND  SPARK  LINES,  -ETC— continued. 


Spark. 

Arc. 

Spark. 

Arc, 

Spark. 

Arc. 

Dyspeosium. 

3729-69 

3830-69 

4129-902 

4205-202 

3972-16 

4129-90 

3454'60 

3624-14 

3896-40 

443574 

4205-20 

3524-20 

3524-18 

3902-95 

4522-75 

443575 

3531-881 

3531-87 

3906-47 

4594-28® 

4522-76 

3550-351 

3536-20 

3932-48 

6645-41 

4594’27 

3600-49 

3538-66 

3938-79 

4627-47 

3645-65 

3638-70 

3973-26 

4662-10 

3676-71 

3550-37 

3973-78 

6645-44 

8694-99 

3944-83 

3974-89 

3698-30 

3968-56 

4008-12 

3806-44 

4000-61 

40-20-69 

Gadolinium. 

3898-70 

4000-69 

4059-98 

3082-15 

3944-821 

4046-16 

4087-80 

2628-22 

3978-721 

4078-14 

4143-11 

2904-84 

3100-66 

4000-64 

4103-50 

4151-29 

2955-62 

3422-62 

4078-15 

4168-15 

4419-78 

3350-66 

3545-94 

4187-00 

4563-45 

3362-41 

3549-52 

4211-89 

4631-10 

3422-65 

3585-12 

4211-89 

4675-77 

3545-95^ 

3646-36 

4221-80 

4759-83 

3549-51 « 

3671-39 

4589-63 

5827-01 

3585-10 

3719-63 

4957-59 

6221-22 

3646-32 

3743-68 

3664-76 

3768-60 

Eej 

3372-91 

lUM, 

3312-60 

Eueopium. 

3712-89 

3719-62 

3743-60 

3796-62 

8814-18 

3852-65 

3499-29 

3372-92 

3725-08 

3688-57 

8768-54 

3916-70 

3692-80 

3385-23 

3819-81  ® 

3725-10 

3782-51 

4037-49 

3906-61 

.3499-28 

3907-30 

3819-80 

3796-58 

4050-05 

4419-79 

3616-75 

3930-652 

3907-28 

4130-55 

4063-62 

4675-80 

3692-85 

3972-162 

3930-66 

4184-48 

4071-51 

^  Demargay’s  element  A.  The  other  lines  ascribed  to  A  by  the  same  authority  are 
AA.4212'6,  4195 '5,  4187 '3,  and  3595 '0  ;  they  are  presumably  very  persistent  dysprosium  lines. 
^  Demar9ay’s  element  S. 

®  Lecoq  de  Boisbaudran’s  element  Ze.  The  other  lines  ascribed  to  Ze  by  the  same 
authority  are  aa4627'39  and  4662'08  ;  they  are  presumably  very  persistent  europium  lines. 

*  An  ultimate  line,  according  to  Demar9ay. 


Dysprosium. — Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  I02,  153,  1003,  1005; 
Domar9ay,  ibid.,  1900,  131,  387  ;  Urbain,  ibid.,  1908,  146,  922  ;  Exner  and  Haschek, 
opus  cit. 

Erbium. — Thalen,  Compt.  rend.,  1880,  91,  326  ;  Oefvcrs.  K.  VeL-Akad.  Fbrhatidl., 
1881,  6,  13  ;  Exner  and  Haschek,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1899,  108,  Ila, 
1123,  and  opus  cit. 

Europium. — Demar9ay,  Compt.  rend.,  1896,  122,  728  ;  1900,  130,  1019,  1469;  1901, 
132,  1484;  Exner  and  Haschek,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1902,  iii,  II«,  42, 
and  opus  cit. ;  Crookes,  Proc.  Roy.  Soc.,  1906,  74,  550. 

Gadolinium. — Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  102,  902  ;  1889,  108,  165; 
1890,  III,  472;  Demar9ay,  ibid.,  1896,  122,  728;  1900,  131,  343,  995  ;  Exner  and 
Haschek,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1900,  109,  Ila,  103  ;  1901,  no,  Ila,  557, 
and  opus  cit. 

Holmium. — Exner  and  Haschek,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1901,  no,  Ila, 
557  ;  1910,  119,  Ila,  771,  andopttscK. 

Lanthanum. —Brauner,  MonatsJi.,  1882,  3,  1  ;  Bettendorf,  Annalen,  1890,  256,  159; 
Exner  and  Haschek,  opus  cit.,  and  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1899,  108,  Ila, 
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CHIEF  ARC  AND  SPARK  LINES,  B.TC.— continued. 


Spark. 


Arc. 


Spark. 


Arc. 


Spark. 


Arc. 


4251-94 

4342-40 

4406-80 

4436-43 

4540-23 


4073-99 

4085-73 

4098-80 

4130-59 

4184-48 

4251-90 

4262-24 

4325-83 

4327-29 

4342-35 

6114-26 


Holmium. 


2936-88 

3399-12 

3181-60 

3425-49 

3399-11 

3428-27 

3415-01 

3456-15 

3416-60 

3474-40 

3425-47 

3484-98 

3428-21 

3515-73 

3456-15 

3598-92 

3484-99 

3748-32 

3494-90 

3757-41 

3515-74 

3889-10 

3556-95 

3891-17 

3598-92 

4045-58 

3748-35 

4254-59 

3757-40 

3796-91 

3810-91 

3891-18 

Lanthanum. 


sm-90 1 

2379-49'^ 

3476-80'^ 

S610-46^ 

2808-46 1 

3171-79  2 

3517-26 

3759-33 

3791-02 

3794’99 

3871-89 

3949-22  2 

3988-66  1 

4031-86 

4043-18 

4086-90 

4123-39 

4287-09 

4333-97® 

4522-54 1 

4901-10'^ 

4921-13^ 

5455-34^ 

6588-54  ^ 


3949-27 

3988-69 

4238-55 

4333-98 

6250-14 

6262-52 

6394-46 


Lu-tecium 

{cassiopeium). 


2603-41 

2615-52 

2772-70 


2615-50 

2911-53 

3077-75 


2895-00 

2911-59 

2963-44 

3058-08 

307775 

3254-45 

3397'i8 

3472-62 

3507-56 

3S54’S8 

4184-41 


3198-27 

3254-45 

3281-89 

3312-30 

3359-74 

3376-69 

3397-21 

3472-65 

3507‘57 

3508-55 

3554-58 

3568-00 

3624-10 

3636-41 

3876-80 

4124-87 

4184-40 

4518-74 

5476-88 

6983-92 

5984-32 

6222-10 

6463-40 


Neodymium. 


4012-42 

4031-93 

4061-26 

4156-30 

4177-60 

4303-77 


3863-52 

3951-32 

4061-27 

4156-30 

4247-64 

4282-67 


1  Degree  of  persistency  equal  to  x- 
®  Degree  of  persistency  equal  to  \l/. 
®  Cleve’s  “  element  ”  Di/3. 


1071 ;  Eder  and  Valenta,  ibid.,  1909,  118,  Ila,  511 ;  Lohse,  Puhl.  Astrophys.  Observ,  . 
Potsdam,  1902,  12,  109 ;  Pollok  and  Leonard,  Sci.  Proc.  Roy.  Dull.  Soc.,  1908,  ii,  257. 

Lutecium. — Urbain,  Compt.  rend.,  1907,  145,  759  ;  1908,  164,  406  ;  Auer  von  Welsbach, 
Sitzungsber.  K.  Akad.  Wiss.  Wien,  1907,  116,  116,  1426;  1909,  118,  II6,  507  ;  Exner  and 
Hascbek,  ibid.,  1899,  io8,  lit*,  1123,  and  opms  cit.  -,  Crookes,  vide  infra. 

Neodymium. — Auer  von  Welsbach,  Monatsh,,  1885,  6,  477;  Sitzungsber.  K.  Akad. 
Wiss.  Wien,  1885,  92,  II.  317  ;  1903,  112,  Ila,  1037  ;  Exner  and  Haschek,  ibid.,  1899,  108, 

I  la,  1071,  and  opus  cit. 

Praseodymium. — Auer  von  Welsbach,  loo.  cit.  ;  Exner  and  Haschek,  loe.  cit. 

Samarium. — Bettendorf,  Annalen,  1891,  263,  164  ;  Demarjay,  Compt.  rend.,  1900,  131, 
995 ;  Exner  and  Haschek,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1900,  109,  Ila,  103  ;  1901, 
no,  lla,  557,  and  optos  cit. 

Terbium. — Demar9ay,  Compt.  rend.,  1900,  131,  387  ;  Urbain,  ibid.,  1906,  142,  957  ; 

J.  Chim.  phys.,  1906,  4,  349  ;  Exner  and  Haschek,  opus  cit. 

Thulium. — Thalen,  Compt.  rend.,  1880,  91,  376  ;  Exner  and  Haschek,  opus  cit.,  and 
Sitzungsber.  K.  Akad.  Wiss.  Wien,  1901,  no,  Ila,  964  ;  1910,  119,  Ila,  771 ;  Auer  von 
Welsbach,  ibid.,  1911,  119,  Ila,  193  ;  Monatsh.,  1911,  32,  373  ;  Zeitsch.  anorg.  Chem.,  1911, 
71,  439  ;  Crookes,  Proc.  Roy.  Soc.,  1906,  A,  78,  154  ;  Urbain,  Compt.  rend.,  1907,  145,  759. 
Yttrium. — Hartley,  Trans.  Chem,  Noe.,  1882,  41,  210  ;  Exner  and  Haschek,  NffewiiysSe?-. 

K.  Akad.  Wiss.  Wien,  1899,  108,  Ila,  1123,  and  opus  cit.  ;  Pollok  and  Leonard,  Sci.  Proc. 
Roy.  Dubl.  Soc.,  1908,  II,  257. 
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CHIEF  ARC  AND  SPARK  LINES,  'ETC.—contimi^ed. 


Spark. 

Arc. 

Spark. 

Arc. 

Spark. 

Arc. 

4446-54 

4303-78 

4409-01 

4429-38 

4544-12 

4451-68 

4325-87 

4429-41 

4496-60 

4566-38 

4463-12 

4375-11 

4496-63 

4510-32 

4577-88 

4385-81 

4510-33 

4642-41 

4400-96 

4674-79 

4446-51 

Samarium. 

4451-71 

4319-12 

3739-30 

Terbium.^ 

4463-09 

4391-05 

4152-38 

2659-01 

3324-53 

4920-84 

4424-52 

4203-18 

2891-40 

3509-34 

5293-35 

4434-50 

4225-48 

2909-35 

3531-86 

5319-98 

4467-49 

4229-83 

2913-39 

3561-90 

5594-58 

4236-88 

3509-32  2 

3568-69 

5620-75 

4258-54 

3561-90  2 

3600-60 

6310-69 

4319-12 

3676-52  2 

3628-35 

6341-69 

4329-21 

,  3703-00  2 

3650-60 

6385-32 

4334-32 

3747-48 

3659-02 

4347-95 

3848-90 

3704-10 

Praseodymium. 

4391-03 

3874-32 

3711-91 

3877-38 

4008-90 

4420-72 

39-25-60 

3848-90 

4100-89 

4100-91 

4421-32 

3939-71 

3874-33 

4118-63 

4118-70 

4424-55 

3977-00 

3899-34 

4143-28 

4143-33 

4434-07 

3892-04 

3925-60 

4179-60 

4179-60 

4434-52 

•  4144-60 

3939-75 

4189-70 

4189-70 

4452-92 

4278-67 

3977-01 

4206-81 

4206-88 

4454-84 

3982-07 

4223-20 

4223-18 

4458-70 

4005-70 

4225-54 

4225-50 

4467-50 

4012-99 

4241-28 

4241-20 

4519-80 

4278-70 

4305-99 

4305-99 

4524-08 

4752-69 

1  According  to  Eberhard,  the  most  persistent  lines  in  tbe  arc  spectrum  of  terbium  are 
Aa3.o23'82,  3676-52,  3703-00,  3704T0,  4005-70,  4278-70. 

Demar9ay’s  element  F.  The  other  lines  ascribed  to  F  by  that  authority  are  x\3523-79, 
3540-42,  3568-68,  and  3704-08,  which  are  presumably  very  persistent  terbium  lines. 


Ytterbium  (neoytterbium).— Urbain,  Compt.  rend.,  1907,  145,  759  ;  1908,  146,  406  ; 
Auer  von  Welsbach,  Sitzungsier.  K,  Akad.  Wise.  Wien,  1907,  116,  II6,  1425  ;  1909,  118, 
II6,  507  ;  Exner  and  Haschek,  opus  cit.  ;  Crookes,  loc.  cit. 

Arc  Spectra. — The  following  is  not  a  complete  bibliografihy,  but  includes  practically 
all  the  modern  references  to  the  arc  spectra  of  the  rare  earths : — 

General. — Exner  and  Haschek,  opus  cit.  (Ce,  Dy,  Er,  Eu,  Gd,  Ho,  La,  Lu,  Nd,  Pr, 
Sm,  Tb,  Tm,  Y,  Yb) ;  Eder  and  Valenta,  Sitzungsher.  K.  Akad.  Wiss.  Wien,  1910,  119, 
Ila,  3  (Lu,  Yb),  9  (Dy,  Tb,  Er,  Gd,  Ho,  Y,  La,  Sm,  Eu),  103  (Tm),  619  (Lu,  Ce,  La,  Nd, 
Pr,  Y). 

Celtium. — Urbain,  Compt.  rend.,  1911,  152,  141. 

Cerium. — Bakowski,  Zeitsch.  wiss.  Photoehem.,  1908,  6,  73  ;  Cooper,  Astrophys.  J., 
1909,  29,  329  ;  Eder,  Ghem.  Zentr.,  1915,  i.  1046. 

Dysprosium. — Eberhard,  Zeitsch.  iciss.  Photoehem.,  1906,  4,  137  ;  Astrophys.  J.,  1906, 
24,  309  ;  Puhl.  Astrophys.  Observ.  Potsdam,  1909,  20,  3. 

Erbium. —Exner  and  Haschek,  opus  cit.  ;  Eder  and  Valenta,  loc.  cit. 

Europium. — Exner  and  Haschek,  Sitzungsher.  K.  Akad.  Wiss.  Wien,  1902,  iii,  Ila, 
42,  and  opxis  cit. 

Gadolinium. — Eberhard,  Zeitsch.  wiss.  Photoehem.,  1906,  4,  137. 

Holmium. — Eberhard,  PxM.  Astrophys.  Observ.  Potsdam,  1909,  20,  3. 

Lanthanum. — Rowland  and  Harrison,  Astrophys.  J.,  1898,  7,  373;  Kellner,  Inaug. 
Dissertation  (Bonn,  1904) ;  E.  Wolff,  Zeitsch.  wiss.  Photoehem. ,  1905,  3,  395  ;  Humphreys, 
Astrophys.  J.,  1907,  26,  18  ;  Eder,  Ghem.  Zentr.,  1916,  i.  1046. 
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CHIEF  ARC  AND  SPARK  LINES,  ETC.  — continued. 


Spark. 


Arc. 


Spark, 


Arc. 


Spark. 


Arc. 


Thulium. 


3131  AO 
3134-01 
3151  -18 
3172-98 
3236-96 
3261-75 
3362-75 
3425-25 
3462-38 
3700-40 
3701'52 

3761- 50 

3762- 05 
3795-50 
3848-14 
4522-76 


3131-40 

3134-00 

3362-78 

3425-27 

3441-71 

3453-82 

3462-37 

3608-92 

3700- 41 

3701- 54 
3718-07 
3734-29 
3744-22 

3761- 49 

3762- 09 
3795-90 


3848-13 

4094-33 

4105-99 

4187-79 

4481-44 


Ytterbium  1 
{neoytterhium  or  aide- 
haranimn). 

2803-55  3031-26 

2«18-S9  3107-99 


2891-50 
2919-49 
3005-85 
3026-78 
3108-00 
3193-01 
3289-50 
3375-65 
3478-99 
3694 ’35^ 

3988-20  2 

4726-24 

4786-82 


3289-50 
3464-47 
3694 '35 
3988-16 
5556-67 


Yttrium. 


2367-30 

2422-30^ 

2817-14® 

2946-15® 

3216-84® 

3242-40  < 

3328-03 

3549-12 

3600-90® 

3602-12 

3611-19® 


3216-83 

3242-42 

3328-02 

3600-92 

3611-20 

3621-10 

3633-28 

3664-78 

3710-47 

3774-52 

3788-88 

3950-52 


3633-28 

3664-76 

3710-44® 

3774'5i  ® 

3788-88 

3850-51 

3982-78 

4177-68  -* 

4309-81 

4375'”^ 

4855-06 

4883-95  ® 

4900-35® 

5087-61^ 

5663-17 


3982-79 

4077-54 

4102-57 

4128-50 

4143-03 

4177-74 

4302-45 

4309-79 

4348-93 

4375-12 

4883-89 

6191-91 

6435-27 


DEMARgA.Y’S  n. 

3930-9  ( 

3967-9  I 

DEMARgAY’s  0. 

3906-5 

4008-2 


^  The  data  given  in  the  table  for  ytterbium  are  taken  from  Exner  and  Haschek,  opus  cit. 
At  the  present  time  (1916)  the  only  spectrum  measurements  that  have  been  taken  with  pure 
ytterbia  are  the  measurements  of  the  arc  lines  effected  by  Blumenfeld  and  Urbain  {Compt. 
rend.,  1914,  159,  401).  The  most  intense  arc  lines  between  a  =  2300  and  a=3500  are  as 
follows,  according  to  these  observers; — 


2390-8,  2398-1,  2464-5,  2512-I,  2538-7,  2596-4,  2617-1,  2642-0,  2644-3,  2653-9,  2665-1, 
2672-8,  2684-8,  2710-7,  2718 '5,  2732-9,  2750-6,  2771-5,  2776-4,  2784-8,  2814-6,  2821-3, 

2825-1,  2831-1,  2847-4,  2851-2,  2861-5,  2867-3,  2891-5,  2919-5,  2946-0,  2970-7,  2984-2, 

2995-0,  3005-9,  3031-3,  3065-2,  3089  2,  3107-9,  3193-0,  3201-2,  3226-0,  3261-6,  3289-4, 

3337-3,  3343-0,  3476-4,  3479-0,  and  3496-0. 


®  The  most  persistent  lines  of  ytterbium,  according  to  de  Gramont. 
®  Degree  of  persistency  equal  to  %. 

^  Degree  of  persistency  equal  to  t(/. 


Lutecium. — Exner  and  Haschek,  opus  cit.  ;  Eder  and  Valeiita,  loc.  cit. 

Neodymium. — Bertram,  Zeitsch.  wiss.  Photochem. ,  1906,  4,  16. 

Praseodymium. — Bertram,  loc,  cit. 

Samarium. — Riitten,  Zeitsch.  wiss.  Photochem.,  1905,  3,  181. 

Terbium. — Eberhard,  ibid.,  1906,  4,  137 ;  Sitzungsber.  K.  Akad.  Wiss.  Berlin,  1906 
p.  384. 

Thulium. — Exner  and  Haschek,  opus  cit.  ;  Urbain  and  Blumenfeld,  Compt.  rend., 
1914,  159,  323,  401. 

Yttrium.— Kayser,  A ft/ianifZ.  Berlin  Akad.,  1903;  Eberhard,  Zeitsch.  wiss.  Photochem., 
1909,  7,  -245. 

Ytterbium  (neoytterbium). — Exner  and  Haschek,  opus  cit. ;  Eder  and  Valenta,  loc.  cit.  ; 
Urbain  and  Blumenfeld,  Compt,  rend.,  1914,  159:  323,  401. 
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The  X-Ray  or  High  Frequency  Spectra. — X-rays  are  emitted  by 
an  element  when  the  element  or  one  of  its  compounds  is  bombarded  with 
cathode  rays.  The  X-rays  are  ether- waves  of  very  small  wave-lengti,  i.e.  of 
very  high  frequency,  and  the  spectrum  of  the  X-rays  emitted  by  aa  element 
may  be  examined  by  a  process  analogous  to  the  diffraction-grating  method 
for  the  examination  of  ordinary  spectra.  For  a  description  of  the  process  the 
reader  is,  however,  referred  elsewhere,  as  it  is  heyond  the  scope  of  this  book.^ 

The  X-ray  spectra  of  the  elements  have  been  examined  by  Moseley  and 
others.2  The  spectra  are  extremely  simple,  consisting  as  a  rule  of  four  or 
five  lines  at  the  most.  When,  therefore,  the  necessary  apparatus  is  available, 
the  study  of  these  spectra  should  be  preferable  to  that  of  the  arc  or  spark 
spectra,  which  are  extremely  complex.  Preliminary  wave-length  measure¬ 
ments  have  been  made  by  Moseley  for  the  following  rare  earth  elements : 
lanthanum,  cerium,  praseodymium,  neodymium,  samarium,  europium,  gado¬ 
linium,  dysprosium,®  yttrium,  and  erbium. 

The  X-ray  spectra  of  the  rare  earth  elements  throw  a  good  deal  of  light 
on  the  question  of  the  homogeneity  of  these  substances.  Further  discussion 
of  these  spectra  is  therefore  given  in  the  following  chapter  (see  p.  363). 

APPLICATIONS  OF  THE  BARE  EARTHS.^ 

According  to  a  statement  by  Stern®  in  1913,  the  incandescent  mantle 
industry  consumes  about  3300  tons  of  monazite  sand  per  annum,  300  tons  of 
thorium  nitrate  being  produced.  Very  large  quantities  of  earths  of  the 
cerium  group  are  obtained  as  by-products ;  in  fact,  about  1000  tons  of  ceria 
per  annum  are  obtained,  only  3  tons  of  which  are  required  by  the  mantle 
industry.  The  mixed  rare  earth  oxalates  or  carbonates  left  as  residues  are 
usually  known  as  crude  cerium  oxalate  or  carbonate,  and  their  profitable 
utilisation  in  chemical  industry  is  a  problem  that  has  at  present  received  no 
really  satisfactory  solution,  although  many  applications  of  them  have  been 
suggested.  A  number  of  these  may  be  briefly  discussed. 

Gas  Mantles  and  Electric  Filaments. — An  ordinary  incandescent 
gas  mantle  contains  about  0-8-1 -0  per  cent,  of  ceria,  CeOg,  and  a  few  tenths 
of  a  per  cent,  of  glucina,  GIO,  and  alumina,  AI2O3,  the  remainder  being  composed 
of  thoria,  ThOg.  In  mantles  designed  for  use  with  high-pressure  gas  the 
percentage  of  ceria  is  increased  and  may  reach  the  value  2-8  per  cent. 

As  has  been  already  mentioned,  the  annual  consumption  of  ceria  in  the 
mantle  industry  is  very  small.  To  an  even  smaller  extent  “didymia”  is  also 
employed.  When  mantles  are  required  to  be  marked  they  are  stamped,  just 
before  the  buming-off  process,  with  a  solution  of  “  didymium  ”  nitrate.  The 
mark  then  appears  on  the  finished  mantle  as  a  pale  brown,  permanent 
coloration. 


1  See  Kaye,  X-Rays  (Longmans  &  Co.,  1914),  and  the  papers  cited  in  the  next  footnote 
_  2  Moseley,  Phil.  Mag.,l^lZ,  [vi.],  26,  1024 ;  1914,  [vi.],  27,  703  ;  Maimer,  ibid.,  1914, 
304^'  ibid.,  1914,  [vi.],  28,  144  ;  de  Broglie,  Compt.  rend.,  1914,  159, 

®  Erroneously  referred  to  as  holmium  in  Moseley’s  paper. 

*  For  further  information  on  this  topic,  see  Bohm,  Chem.  Ind.,  1913,  36,  120  153  189 
282 ;  Die  Ferwendung  der  seltenen  Erden  (Veit,  Leipzig,  1913) ;  Dammer,  Die  chemische 
Technologie  der  Neuteit  (Stuttgart,  1910),  voL  i.  p.  500  ;  Kellermann,  Die  CeHtmetalle  und 
%hre  pyrophoren  Legierungen  (Knapp,  Halle,  1912). 

®  Stern,  Zeitsch.  angew.  Chem.,  1913,  26,  806. 
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There  is  a  small  demand  for  yttria  in  connection  with  the  manufacture  of 
Nernst  lamps.  In  these  lamps  illumination  is  produced  by  passing  an  electric 
current  through  a  filament  composed  of  a  mixture  of  refractory  oxides,  of 
which  yttria,  thoria,  and  zircouia  are  the  most  suitable  for  the  purposed  As 
a  source  of  yttria  the  gadolinite  deposits  found  at  Barringer  Hill,  Llano  Co., 
Texas,  are  utilised. 

Alloys. — The  production  of  mischmetall,  an  alloy  of  the  metals  of  the 
cerium  group,  has  been  mentioned  earlier  in  this  chapter  (p.  230).  Owing 
to  the  great  stability  of  tue  oxides  of  the  rare  earth  elements,  these  elements 
and  certain  of  their  alloys  form  valuable  reducing  agents.  Mischmetal]  and  the 
cerium-magnesium  alloys  have  been  especially  mentioned  in  this  connection.^ 

The  ignition  temperature  of  cerium  in  air  is  very  low.  Further,  numerous 
alloys  rich  in  cerium  are  hard  and  brittle,  so  that  when  struck  with  hard  steel 
small  particles  of  the  alloys  are  detached  and  at  the  same  time  heated 
sufficiently  to  cause  them  to  ignite.  These  alloys  are  usually  called  pyrophoric 
alloys ;  the  preparation  and  uses  of  many  of  them  are  protected  by  patents. 
They  may  be  prepared  either  from  cerium  or  from  mischmetall ;  the  alloys 
containing  30  per  cent,  of  iron  (nickel  or  cobalt)  have  been  particularly 
specified  by  Auer  von  Welsbach,®  and  alloys  with  tin,  lead,  zinc,  cadmium, 
silicon,  titanium,  etc.,  have  also  been  patented.^  The  alloys  are  used  in  the 
manufacture  of  automatic  cigarette-lighters,  gas-lighters,  etc.  It  has  also 
been  proposed  ®  to  utilise  them  as  arc-lamp  electrodes,  either  alone  or  as  the 
cores  of  carbons.  According  to  Stern,®  200  tons  of  ceria  are  utilised  annually 
in  the  production  of  pyrophoric  alloys.’* * **’ 

According  to  Hirsch,®  cerium-magnesium  alloys  rich  in  cerium  form 
excellent  flashlight  powders.® 

It  has  been  claimed  that  the  introduction  of  0‘2  per  cent,  of  cerium  into 
aluminium  greatly  improves  the  mechanical  properties  of  the  metal. 

Arc-lamp  Electrodes. — The  incorporation  of  cerium  compounds,  par¬ 
ticularly  cerium  fluoride,  into  the  carbons  used  as  arc-lamp  electrodes  is 
the  subject  of  various  patents.^®  It  is  claimed  that  a  very  intense  light  is 
thereby  obtained  and  the  arc  burns  evenly  and  quietly.  One  impregnating 
mixture  proposed  for  the  purpose  contains  60  per  cent,  of  the  mixed  molyb¬ 
dates  and  tungstates  of  the  cerium  group,  20  per  cent,  of  the  corresponding 
iron  salts,  and  20  per  cent,  of  the  fluorides  of  the  cerium  group. 

According  to  Stern,^®  300  tons  of  ceria  are  consumed  annually  in  the  form 
of  fluoride  for  impregnating  arc-light  carbons. 


1  See  Eng.  Pat.,  1898,  No.  6135. 

2  See  pp.  231,  379,  and  Muthmann  and  Beck,  Annalen,  1904,  331,  46  ;  Hirsch,  J.  Ind. 
Eng.  Ghem.,  1911,  3,  880  ;  Trans.  Amer.  Electrochem.  Soc.,  1911,  29,  57  ;  Weiss  and  Aichel, 
Annalen,  1905,  337,  370  ;  Kellermann,  Die  Ceritmetalle  und  ihre  pyrophoren  Legierungen 
(Knapp,  Halle,  1912) ;  Escales,  D.R.P.,  145,820  (1903). 

®  Auer  von  Welabach,  D.R.P.,  154,807  (1903) ;  Eng.  Pat.,  16,853  (1903). 

*  See,  e.g.,  Eng.  Pat.,  27,341  (1908) ;  Fr.  Pat.,  439,058  (1912). 

®  See  Eng.  Pat.,  1909,  Nos.  8150  and  8151. 

**  Stern,  loc.  dt. 

’’  For  further  information  on  these  alloys,  see  Kellermann,  opus  cit.  ;  Olsen,  Polyteeh, 
Eng.,  1914,  14,  24. 

8  H 1  TSfiTi  Xoc  dt 

»  Cf.  Eng.  pk,’l4,692  (1908);  D.R.P.,  158,215  (1908);  Fr.  Pat.,  403,722  (1909). 

By  adding  cerium  fluoride  to  the  electrolyte  employed  in  the  preparation  of  aluminium, 

11  Barth,  Metallurgie,  1911,  9,  261  ;  Borchers  and  Barth,  D.R.P.,  246,484  (1912). 

12  See,  e.g.,  Eng.  Pat.,  21,374  (1909) ;  Fr.  Pat.,  414,707  (1910),  431,040  (1911). 

Stern,  loc.  cit. 
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Cerium  Glass.  — The  incorporation  of  ceria  into  an  orJinary  colourless 
soda  glass  results  in  the  production  of  a  glass  that  has  at  the  most  a  faint 
yellow  tinge.  It  is  very  transparent  to  luminous  raySj  but  cuts  off  practically 
all  the  ultra-violet  and  about  30  per  cent,  of  the  heat  rays.  By  introducing 
other  special  ingredients  into  the  cerium  glass,  a  valuable  series  of  glasses 
has  been  prepared  by  Crookes.^  The  compositions  of  the  mixtures  employed 
in  their  preparation  are  given  in  the  following  table  (the  “  raw  soda  flux  ” 
has  the  composition,  sand  61 ‘00,  anhydrous  sodium  carbonate  25‘50,  sodium 
nitrate  5'00,  calcium  carbonate  7'20,  borax  0'75,  and  arsenious  oxide  0‘55 
per  cent.,  and  the  “fused  soda  flux”  is  obtained  from  the  raw  flux  by 
fusion) 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Raw  soda  flux  . 
Fused  soda  flux 

9o’-6o 

89-’75 

87-56 

83-'o 

79 -’60 

80-’o 

77-0 

92-00 

94-60 

88 -’47 

88-00 

72-60 

Ce(N03)3.6H20 
CeBOa  . 

s’- 13 

s’-’is 

8-60 

17-0 

20-50 

13-4 

23-0 

6-30 

4-72 

10-00 

5-60 

24-90 

NiS04.7H20  . 

0-07 

... 

0-30 

O0SO4.7H.2O  . 

FeS04.7H20  . 

CuSO4.5H.2O  . 
Fe304  .  . 

2-’63 

s'-’oo 

... 

0-05 

... 

... 

0-08 

0-03 

4’-’]5 

2-10 

FcaOg 

... 

1-60 

1-60 

CiaOs 

•  .  • 

0-09 

0-80 

... 

0-06 

0-10 

NiO 

0-09 

0-04 

0-30 

0-40 

U3O8  .  . 

1-80 

.  .  . 

... 

0-i5 

6-6 

2-75 

UO3  .  . 

... 

... 

0-55 

... 

... 

... 

... 

0-30 

... 

... 

... 

The  next  table  gives  the  tints  of  these  glasses,  the  percentages  of  heat  rays 
absorbed  and  visible  rays  transmitted,  and  the  wave-length  bejmnd  which  the 
ultra-violet  is  absorbed  : — 


No.  of 
Glass. 

Tint  of  Glass. 

Heat  Rays 
Absorbed. 

Luminous  Rays 
Transmitted. 

Ultra-violet 

Absorbed. 

Per  cent. 

Per  cent. 

from 

1 

Pale  yellow  .... 

37 

73 

a3613 

2 

Pale  greenish-yellow 

63 

54 

3700 

3 

38 

48 

3680 

4 

Almost  colourless  . 

27 

99 

3650 

6 

Pale  neutral  .... 

41 

45 

3700 

6 

Pale  yellow  .... 

39 

60 

3685 

7 

Almost  colourless  . 

34 

71 

3610 

8 

Pale  green  .... 

29 

71 

3620 

9 

Dark  neutral 

47 

30 

3550 

10 

V ery  pale  blue 

51 

63 

3550 

11 

Pale  greenish -yellow 

25 

74 

3685 

12 

Pale  bluish-green  . 

47 

45 

3680 

The  preceding  glasses  are  of  considerable  value  for  the  construction  of 
spectacles.  Glass  10  is  fairly  transparent  and  does  not  perceptibly  alter  the 

^  Crookes,  Phil.  Trans.,  1914,  A,  214,  1 ;  Chcm.  Tleivs,  1914,  109,  265,  277,  289,  301. 
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colours  of  objects  viewed  through  it;  since  it  cuts  off  51  per  cent,  of  the  heat 
rays,  it  is  well  adapted  for  making  spectacles  for  those  employed  in  glass 
works.  Glasses  1,  2,  5,  and  6  are  good  absorbers  of  ultra-violet  rays, 
numbers  1,  4,  7,  8,  and  11  are  the  most  transparent  to  visible  rays,  while  for 
glare-reducing  spectacles  numbers  3,  5,  9,  10,  and  12  are  eminently  suitable. 

Tanning".— It  has  long  been  known  that  certain  aluminium,  iron,  and 
chromium  salts  are  capable  of  converting  hides  into  leather,  and  chrome 
tanning  is  of  considerable  importance.  According  to  Garelli,  salts  of  cerium, 
lanthanum,  and  “didymium”  have  tanning  properties  similar  to  those  of 
aluminium  salts,  while  ceric  salts  are  particularly  well  adapted  for  the  process 
of  tanning.  Parenzo  agrees  with  Garelli’s  views,  but  Eitner  is  of  the  contrary 
opinion.^ 

Photographic  Uses. — A  solution  of  ceric  sulphate  in  dilute  sulphuric 
acid  has  a  certain  limited  application  in  photography  as  a  reducer  of  over¬ 
developed  negatives,  its  action  being  even  and  rapid.^  Ceric  salts  have  also 
been  incorporated  into  photographic  emulsiohs  for  pigment  printing.  The 
printing  paper  is  coated  with  an  emulsion  prepared  by  adding  the  ceric  salt 
to  a  colloidal  solution  of  albumin  in  aqueous  ammonia,  sodium  carbonate,  or 
borax.  The  paper,  which  is  very  sensitive  to  light,  is  exposed  in  the  usual 
way  and  developed  in  a  suitable  solvent  for  the  albumin,  e.ff.  aqueous 
ammonia,  sodium  carbonate,  or  potassium  oxalate.® 

Dyeing. — Cerium  compounds  have  been  at  times  proposed  as  mordants, 
e.ff.  in  dyeing  with  alizarin.  They  do  not,  however,  appear  to  be  used."* 

Rare  Earth  Catalysts. — The  crude  mixture  of  basic  sulphates  of  the 
cerium  group  has  been  proposed  as  a  suitable  catalytic  agent  for  use  in  the 
contact  process  for  manufacturing  sulphuric  acid.  The  mixture  is  said  to  be 
more  effective  than  the  pure  cerous  compound.  The  application  of  the  oxides 
of  the  rare  earth  elements  to  the  same  process  has  also  been  proposed.  These 
proposals  do  not,  however,  appear  to  be  of  much  practical  value.®  Cerium 
nitride  is  said  to  hasten  catalytically  the  union  of  nitrogen  and  hydrogen, 
and  its  use  in  the  production  of  synthetic  ammonia  has  been  patented.® 

Cerous  sulphate  is  said  to  form  an  excellent  catalyst  for  use  in  the  oxida¬ 
tion  of  aniline  to  aniline  black.” 

It  may  also  be  mentioned  that  ceria  has  been  proposed  as  a  suitable 
substitute  for  platinised  asbestos  in  Dennstedt’s  method  for  the  combustion  of 
organic  compounds.® 

Oxidation  of  Organic  Compounds. — Since  ceric  salts  are  readily 
reduced  to  the  cerous  state,  they  maybe  utilised  as  oxidising  agents.  It  is 


1  Garelli,  AM  B.  Accad.  Lincei,  1907,  [v.],  i6,  i.  532  ;  Collegium,  1912,  p.  418  ;  J.  Soc. 
Chem.  Ind.,  1912,  31,  830  ;  Parenzo,  Collegium,  1910,  p.  121  ;  J.  Soc.  Chem.  Lid.,  1910, 
29,  579  ;  Eitner,  Gerler,  1911,  37,  199,  213;  J.  Soc.  Chem.  Ind.,  1911,  30,  1128. 

2  Lumifere,  Bull.  Soc.  frani;.  Photog.,  1900,  16,  103;  Lumiere  Bros,  and  Seyewetz, 
Moniteur  Scient.,  1901,  15,  169.  See  also  Brit.  J.  Photog.,  1900,  47,  184  ;  1901,  48,  594  ; 
and  Eng.  Pat.,  470  (1900). 

3  Gateau,  Fr.  Pat.,  380,188  (1907);  Eng.  Pat.,  20,740  (1907). 

^  See  Witt,  Chem.  Ind.,  1896,  19,  156;  J.  Soc.  Chem.  Ind.,  1896,  15,  580  ;  Matschak, 
ibid.,  1898,  17,  150  ;  Gnehin,  ibid.,  1898,  17,  577. 

®  See  Eng.  Pat.,  1385  (1901) ;  Fr.  Pat.,  326,  321  (1903) ;  and  Pliiddemann,  Inaugural 
Dissertation  (Berlin,  1907). 

0  Kunheim  &  Co.,  D.Il.P.,  276,986  (1913). 

’  Kruis,  Dingl.  poly.  J.,  1874,  212,  347  ;  Biihrig,  ibid.,  1879,  231,  77  ;  but  cf.  Witt, 
loc.  eit. 

®  Bekk,  Ber.,  1913,  46,  2574  ;  Miss  M.  Reimer,  J.  Amer.  Chem.  Soc.,  1915,  37,  1636. 
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said,  for  instance,  that  crude  ceric  sulphate,  in  the  presence  of  sulphuric  acid, 
is  an  efficient  oxidiser  of  aromatic  hydrocarbons,  converting  them  into 
aldehydes,  quinones,  etc.,  e.g.  toluene  into  benzaldehyde,  anthracene  into 
anthraquinoue,  etc.^ 

Medicinal  Uses. — Cerium  is  used  to  a  limited  extent  in  therapeutics 
in  the  form  of  cerous  nitrate,  cerous  oxalate,  and  other  organic  salts.  It  acts 
like  bismuth  as  a  sedative  and  is  said  to  be  of  value  in  the  treatment  of 
sea-sickness,  pregnancy-sickness,  dyspepsia,  and  gastric  ulcer.  The  medicinal 
use  of  cerium  salts  is  not,  however,  in  very  great  favour.^ 


1  SeeD.E.P.,  158,609  (1905). 

2  See  Eng.  Pat,  5328  (1884) ;  J.  Soc.  Chem.  Ind.,  1889,  8,  304  ;  and  Cushny,  Text-hook 
of  Pharmacology  and  Therapeutics  (Churchill,  5th  ed.,  1910);  Brit.  PharmaeeiUieal 
Codex,  1911. 
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THE  RARE  EARTH  ELEMENTS  {continued). 

Separation  and  Purification.  Homogeneity. 

Detection  and  Estimation. 

Choice  of  Material. — Monazite  in  the  form  of  monazite  sand  is  the  most 
abundant  of  the  rare  earth  minerals.  Very  large  quantities  of  this  material 
are  worked  up  annually  in  connection  with  the  gas-mantle  industry.  For 
the  manufacture  of  mantles  the  thorium  present  in  the  sand  ’is  its  most 
valuable  constituent,  very  little  of  the  cerium  and  “  didymium  ”  present  being 
required.  Accordingly,  even  when  the  residual  salts  of  cerium,  lanthanum, 
etc.,  are  worked  up  for  the  production  of  pyrophoric  alloys,  etc.,  large 
quantities  of  them  are  left  over,  and  when  it  is  possible  to  obtain  them 
in  bulk  they  constitute  the  most  convenient  source  of  the  rare  earths  from 
the  point  of  view  of  the  scientific  investigator.  Since,  however,  monazite 
sand  seldom  contains  more  than  one  or  two  per  cent,  of  crude  yttria,  and 
frequently  contains  less  than  one  per  cent.,  it  is  obvious  that  very  consider¬ 
able  quantities  of  monazite  residues  are  necessary  to  obtain  a  reasonable 
supply  of  the  earths  of  the  yttrium  group,  but  when  they  are  available  they 
constitute  an  excellent  source  of  samarium,  gadolinium,  europium,  terbium, 
dysprosium,  and  holmium.^  In  smaller  quantities  they  constitute  the 
cheapest  and  most  convenient  source  of  cerium,  lanthanum,  praseodymium, 
and  neodymium.  Commercial  cerium  oxalate  and  “cerium  oxalicum 
medicinale  ”  are  essentially  monazite  residues,  and  when  calcined  yield 
mixtures  of  oxides  containing  about  fifty  per  cent,  of  ceria.^ 

With  regard  to  the  other  rare  earth  minerals  it  may  be  said  that  the 
crude  “erbia”  of  the  early  chemists®  is  most  abundant  in  xenotime,  euxenite, 
samarskite,  and  certain  Norwegian  columbates,  while  difierent  samples  of 
gadolinite  vary  considerably  in  their  “  erbia  ”  content  that  samarskite  is  com¬ 
paratively  rich  in  the  earths  of  the  terbium  group ;  that  the  gadolinite  earths 
are  rich  in  yttria  and  “  ytterbia  ” ;  and  that  the  element  celtium,  concerning 
which  very  little  is  known,  occurs  in  gadolinite  but  not  in  xenotime.® 

Extraction  of  the  Rare  Earths  from  Minerals. — The  rare  earth 
elements  are  readily  separated  from  the  other  elements  with  which  they  are 
associated,  in  nature  by  taking  advantage  of  the  fact  that  their  oxalates  are 
practically  insoluble  in  dilute  mineral  acids.  It  is  only  necessary  to  obtain 
the  rare  earths  in  solution  as  the  sulphates,  nitrates,  or  chlorides  in  the 


^  James,  J.  Amer.  Chem.  Soc.,  1913,  35,  235  ;  James  and  Grant,  ibid.,  1916,  38,  41. 
®  Bohm,  Zeitsch.  angew.  Chem.,  1902,  15,  372. 

®  I.e.  prior  to  1878.  See  the  historical  section  in  the  preceding  chapter  (p.  221). 

*  James,  J.  Amer.  Chem.  Soc.,  1911,  33,  1332. 

®  Urbain,  Compt.  rend.,  1911,  152,  141. 

317 


318 


ALUMINIUM  AND  ITS  CONGENEKS. 


presence  of  a  slight  excess  of  mineral  acid,  and  then,  after  saturating  the 
solution  with  hydrogen  sulphide,  if  necessary,  and  removing  the  precipitated 
sulphides,  to  add  a  slight  excess  of  oxalic  acid.  The  precipitated  oxalates 
separate  at  first  in  an  amorphous  form  and  “ball  up,”  so  that  w'arm  solutions 
should  be  used  and  the  first  portion  of  the  precipitate  vigorously  shaken  until 
it  assumes  the  crystalline  form  before  the  remainder  is  precipitated.  The 
amorphous  precipitate  rapidly  becomes  crystalline  and  may  then  be  filtered 
and  washed  very  readily.  On  ignition,  the  oxalates  leave  a  residue  of  oxides, 
i.e.  the  rare  earths  themselves. 

Most  rare  earth  minerals  contain  thorium^  and  frequently  zirconium  is  also 
present.  The  former  is  precipitated  as  oxalate  with  the  rare  earth  oxalates, 
but  the  latter  remains  in  solution,  since  its  oxalate  is  soluble  in  oxalic  acid 
and  in  mineral  acids. 

The  precipitated  oxalates  are  liable  to  be  contaminated  with  small 
quantities  of  iron,  aluminium  and  calcium  oxalates,  etc.,  and,  when  monazite 
or  xenotime  has  been  employed,  with  small  amounts  of  phosphates.  Accord¬ 
ingly,  the  oxides  derived  from  them  by  ignition  or  the  hydroxides  obtained 
by  boiling  them  with  sodium  hydroxide  should  be  dissolved  in  a  slight  excess 
of  nitric  or  hydrochloric  acid,  and  the  precipitation  with  oxalic  acid  repeated. 
The  alkali  and  alkaline  earth  metals  may  be  eliminated  by  precipitating  the 
rare  earths  as  hydroxides  with  ammonia,  but  this  is  not  very  convenient  on 
a  large  scale. 

Any  remaining  impurities  usually  concentrate  in  the  most  soluble  fractions, 
when  the  rare  earths  are  subsequently  separated  by  fractional  crystallisation. 
Being  then  concentrated  into  a  small  portion  of  the  initial  rare  earth  material, 
their  complete  removal  offers  no  difficulty. 

The  methods  that  may  be  employed  for  opening  up  rare  earth  minerals 
are  as  follows. 

(i.)  Decomposition  xoith  Concentrated  Sulphuric  Acid. — This  answers  well 
with  the  minerals  cerite,  gadolinite,  orthite,  monazite,  and  aeschynite.  Cerite 
is  finely  powdered,  moistened  with  water,  stirred  up  into  a  paste  with  about 
two-thirds  its  weight  of  concentrated  sulphuric  acid  and  heated.  The 
temperature  is  gradually  raised  until  finally  at  a  dull  red  heat  there  is  left 
a  residue  of  anhydrous  sulphates.  The  residue  is  cooled,  pulverised,  and 
slowly  added  to  ice-cold  water.  The  other  silicates  orthite  and  gadolinite  may 
be  similarly  treated,  though  gadolinite  is  usually  decomposed  by  heating  it 
with  concentrated  hydrochloric  acid  or  aqua  regia. 

Monazite  sand  requires  rather  different  treatment.  It  is  treated  with  twice 
its  weight  of  sulphuric  acid,  and  only  heated  to  200°-300°.  It  is  necessary 
to  leave  a  certain  minimum  amount  of  sulphuric  acid  in  the  residue  in  order 
that  when  it  is  added  to  water  the  phosphates  of  the  rare  earth  elements  may 
be  kept  in  solution.  The  mixed  phosphates  dissolve  readily  when  the  residue 
is  stirred  slowly  into  an  excess  of  water,  which  need  not  be  cooled  below  the 
ordinary  temperature. 

JSschynite  ^  is  very  finely  ground  and  heated  with  sulphuric  acid  until 
excess  of  the  latter  has  been  expelled.  The  residue  is  dissolved  in  ice-cold 
water  and,  after  twenty-four  hours,  the  liquid  is  decanted  from  the  residual 
titanic,  columbic,  and  tantalic  acids,  etc. 

The  liquid  is  treated  with  excess  of  ammonia  to  eliminate  the  considerable 
quantity  of  calcium  present.  The  washed  precipitate  is  dissolved  in  excess 


^  Urbain,  Ann.  Chim.  Fhys.,  1900,  [vii.],  19,  206. 
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of  concentrated  nitric  acid  and  the  solution  boiled  for  several  days,  more  acid 
being  added  from  time  to  time  to  replace  that  lost  by  evaporation.  The 
liquid  is  then  evaporated  to  a  syrup  and  the  residue  taken  up  with  water. 
After  several  days  the  clear  liquid  is  decanted  from  the  residue,  which  con¬ 
tains  the  last  traces  of  titanic,  columbic,  and  tantalic  acids,  and  is  extremely 
difficult  to  remove  by  filtration. 

Euxenite,^  like  seschynite,  is  a  columbo-tantalate.  In  order  that  it  may 
be  decomposed  by  sulphuric  acid  it  must  be  very  finely  ground.  According 
to  James,  the  nitric  acid  process  just  described  for  eliminating  the  last  traces 
of  the  earth-acids  may  be  omitted. 

(ii. )  Fusion  with  Potassium  Hydrogen  Sulphate. — This  method  was  formerly 
employed  to  a  considerable  extent  for  decomposing  rare  earth  minerals  contain¬ 
ing  columbium,  tantalum,  etc.,  but  it  is  a  troublesome  process.  Samarskite, 
(Bschynite,  euxenite,  and  fergusonite  may  be  treated  in  this  manner.  The 
residue  after  fusion  is  dissolved  in  water  and  treated  as  already  described  in 
connection  with  eeschynite.^ 

(iii.)  Fusion  with  Sodium  Hydroxide.^ — Various  colvmhates  maybe  decom¬ 
posed  by  fusion  with  twice  their  weight  of  sodium  hydroxide.  The  product 
is  cooled,  broken  up,  and  allowed  to  disintegrate  in  water.  It  is  then  acidi¬ 
fied  with  hydrochloric  acid,  heated,  and  the  columbic  acid,  etc.,  removed  by 
filtration. 

Xenotime  (ytterspar)  may  also  be  decomposed  by  this  method.  The 
product  is  boiled  with  water  and  filtered.  The  residue  is  then  dissolved  in 
hydrochloric  acid.^ 

(iv.)  Decomposition  with  Hydrofluoric  Acid.^ — This  is  an  excellent,  but 
rather  expensive,  method  for  the  decomposition  of  columbates  and  tantalates, 
e.g.  samarskite,  fergusonite,  euxenite,  oeschynite,  etc.  The  mineral  is  powdered 
and  warmed  with  aqueous  hydrofluoric  acid.  Columbium,  tantalum,  titanium, 
zirconium,  tungsten,  etc.,  pass  into  solution  and  the  rare  earths  are  converted 
into  insoluble  fluorides.  The  latter  are  filtered  off  and  converted  into 
the  neutral  sulphates  by  heating  with  sulphuric  acid ;  ®  the  oxalates  are  then 
obtained  in  the  usual  manner. 

(v.)  Decomposition  hy  Disulphur  Dichloride." — Those  rare  earth  minerals 
that  contain  columbic,  tantalic,  titanic  acids,  etc.,  as  their  acid  components 
are  readily  decomposed  when  heated  in  a  stream  of  the  vapour  of  disulphur 
dichloride,  S2CI2.  The  chlorides  of  the  rare  earth  metals,  etc.,  remain  behind, 
and  the  volatile  chlorides  or  oxychlorides  of  columbium,  tantalum,  titanium, 
tungsten,  etc.,  distil  over  with  the  excess  of  disulphur  dichloride.  The 
method  works  excellently  with  samarskite,  fergusonite,  wschynite,  and  euxenite. 

Separation  of  Thoria  from  the  Rare  Earths. — It  was  mentioned 
in  the  preceding  section  that  the  rare  earth  oxalates  extracted  from  a  mineral 


^  James,  J.  Amer.  Chem.  Soc.,  1911,  33,  1335. 

^  See  Mlson,  £er.,  1880,  13,  1430  ;  Kriiss  and  Nilson,  Ber.,  1887,  20,  1676;  James, 
J.  Amer,  Chem.  Soc.,  1911,  33,  1336. 

®  James,  J,  Amer.  Chem.  Soc.,  1911,  33,  1336. 

*  A  somewhat  similar  procedure,  viz.  fusion  with  sodium  carbonate,  is  recommended  by 
Urhain  {Ann.  Chim.  Phys.,  1900,  [vii.],  19,  202)  for  the  decomposition  of  monazite. 

®  Roscoe,  Ber.,  1882,  15,  1274  ;  Lawrence  Smith,  Chem.  News,  1883,  48,  13,  29  ;  1885, 
51,  289,  304  ;  James,  loc.  cit.  ;  cf.  Wolcott  Gibbs,  Amer.  J.  Sci.,  1864,  [ii.],  37,  365. 

®  Uranium,  when  present,  e.g.  in  samarskite,  accompanies  the  rare  earths  up  to 
this  point. 

’  W.  B.  Hicks,  J.  Amer.  Chem.  Soc.,  1911,  33,  1492;  cf.  Ballot  and  Chauvenet,  Compt, 
rend.,  1913,  157,  1163,  for  a  similar  method,  using  carbonylchloride,  COClj,  as  reagent. 
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frequently  contain  more  or  less  thorium  oxalate.^  It  is  therefore  necessary 
to  discuss  the  methods  by  which  the  thorium  may  be  eliminated.^ 

(i.)  The  Hydrogen  Peroxide  Method  (Method  of  Wyrouboff  and  Verneuil).^ 
— This  method  is  based  upon  the  fact  that  from  a  neutral  or  slightly  acid 
solution  of  the  nitrates  of  thorium  and  the  rare  earth  metals,  thorium  is 
completely  precipitated  by  hydrogen  peroxide  in  excess.  The  precipitate  is 
white  and  voluminous,  and  has  a  composition  expressed  by  the  formula 
Th207.N205-^H20.  The  precipitation  should  take  place  in  a  solution  containing 
not  more  than  two  parts  of  thoria  per  100  of  solution  ;  the  solution  should  be 
heated  for  a  few  minutes  to  85°,  the  precipitate  allowed  to  settle,  filtered,  and 
washed  with  hot  water. 

When  little  thorium  is  present,  associated  with  much  cerium,  etc.,  the 
precipitation  of  the  thorium  is  complete,  but  a  little  cerium  peroxide  is  co¬ 
precipitated.  On  the  other  hand,  when  the  thorium  is  in  excess,  the  pre¬ 
cipitate  is  not  contaminated  with  cerium,  but  a  trace  of  thorium  remains  in 
solution. 

In  applying  the  peroxide  method  on  a  large  scale,  it  is  advisable,  first,  to 
effect  an  initial  concentration  of  the  thorium ;  next,  to  remove  the  thorium 
by  hydrogen  peroxide ;  and,  finally,  to  unite  the  rare  earths  in  the  filtrate 
from  the  peroxide  precipitate  with  those  left  over  in  initially  concentrating 
the  thorium.  The  procedure  recommended  by  Wyrouboff  and  Vemeuil  is 
as  follows : — 

The  precipitated  oxalates^  are  washed,  heated  with  10  per  cent,  sodium 
carbonate  to  convert  them  into  carbonates,  and  sodium  hydroxide  added  to 
precipitate  all  the  thorium  that  passes  into  solution.  The  washed  precipitate 
is  dissolved  in  the  minimum  of  hydrochloric  acid,  and  a  suspension  of  barium 
peroxide  is  stirred  into  the  solution  a  little  at  a  time  until  a  sample  of  the 
clear  liquid  no  longer  gives  a  precipitate  with  pure  hydrogen  peroxide.  The 
filtered  liquid  contains  the  bulk  of  the  rare  earths,  free  from  thorium ;  the 
precipitate  contains  all  the  thorium,  contaminated  with  20  to  30  per  cent,  of 
other  earths.  The  precipitate  is  washed,  dissolved  in  cold  hydrochloric  acid, 
and  the  barium  removed  by  a  slight  excess  of  sulphuric  acid.  The  filtered 
solution,  which  should  not  contain  more  than  15  per  cent,  of  free  acid, 
is  treated  with  oxalic  acid,  the  precipitated  oxalates  thoroughly  washed,  and 
then  treated  with  a  very  concentrated  solution  of  ammonium  carbonate  (to 
which  sufficient  ammonia  has  been  added  to  secure  a  solution  of  the  normal 
carbonate).  The  thorium  oxalate  passes  into  solution  completely,  together 
with  about  7  per  cent,  of  its  weight  of  rare  earth  oxalates.  The  residual 
oxalates  are  free  from  thorium.  To  obtain  the  rare  earths  still  associated 
with  the  thorium,  the  cold  filtered  solution  is  decomposed  by  the  addition  of 
sodium  hydroxide,  the  precipitate  thoroughly  washed  by  decantation,  and 
dissolved  in  the  minimum  excess  of  cold  nitric  acid.  The  solution  is  diluted 
and  the  thorium  removed  by  treatment  with  excess  of  hydrogen  peroxide. 

'  See  also  the  section  on  ‘  ‘  Occurrence  ”  in  Chaj).  X. 

2  No  attempt  will  bo  made  to  discuss  the  purification  of  thoria  ;  for  that  the  reader  is 
referred  to  Vol.  V. 

®  Wyrouboif  and  Verneuil,  Bull.  Soc.  chim.,  1897,  [iii.],  17,  679  ;  1898,  19,  219  ; 
Covipt,  rend.,  1898,  126,  340  ;  127,  412;  Ann.  Chim.  Fhys.,  1905,  [viii.],  6,  484;  cf. 
Cleve,  Bull  Soc.  chim.,  1885,  [ii.],  43,  53  ;  Lecoq  de  Boisbaudran,  Compt.  rend.,  1885,  100, 
605. 

^  In  working  up  cerium  minerals  containing  a  few  per  cent,  of  thorium,  the  latter  is 
completely  precipitated  when  sufficient  oxalic  acid  is  gradually  added  to  the  well-stirred 
acid  solution  of  the  sulphates  to  precipitate  one-half  of  the  rare  earths  present. 


THE  RARE  EARTH  ELEMENTS. 


321 


All  the  filtrates  containing  rare  earths  devoid  of  thorium  are  united,  and 
the  rare  earths  precipitated  with  oxalic  acid  in  a  slightly  acid  solution. 

(ii.)  The  Ammonium  Oxalate  Method  (Bahr’s  Method).^ — The  mixed 
oxalates  are  treated  with  a  hot  concentrated  solution  of  ammonium  oxalate, 
in  which  thorium  oxalate  is  readily  soluble.  The  separation  of  a  little 
thorium  oxalate  from  excess  of  rare  earth  oxalate  in  this  manner  requires 
several  repetitions  of  the  treatment,  and  is  not  a  sharp  separation,  for 
notable  quantities  of  the  rare  earth  oxalates  dissolve,  particularly  the  oxalates 
of  the  yttrium  group.  This  method  has  been  employed  commercially. 

(iii.)  The  Thiosulphate  Method  (Method  of  Chydenius).^ — A  dilute,  neutral 
(or  slightljf  acid)  solution  of  the  chlorides  is  boiled  with  an  excess  of  sodium 
thiosulphate,  when  basic  thorium  thiosulphate  is  precipitated.  This  method 
is  frequently  employed  in  the  separation  of  small  amounts,  e.g.  in  analytical 
chemistry  (see  later,  p.  371). 

(iv.)  The  Sebacic  Acid  MethodA — A  slight  excess  of  a  hot,  concentrated 
solution  of  sebacic  acid  is  added  to  a  boiling,  neutral  or  faintly  acid  solution 
of  the  mixed  nitrates.  Thorium  sebacate  is  precipitated,  filtered,  and  washed 
with  hot  water. 

Sebacic  acid  may  be  prepared  from  castor  oil. 

(v.)  The  Lead  Carbonate  MethodA — A  dilute  and  nearly  neutral  solution 
of  the  nitrates  is  prepared,  and  an  excess  of  pure,  moist,  precipitated  lead 
carbonate  is  stirred  into  the  solution.  The  solution  is  allowed  to  stand  for 
some  hours,  with  occasional  shaking.  The  thorium  is  completely  precipitated, 
together  with  zirconium  and  any  cerium  present  as  ceric  nitrate.® 

(vi.)  Other  Methods. — It  has  been  proposed  to  precipitate  the  thorium 
present  by  means  of  sodium  azide,®  or  as  the  fumarate,'^  meta-nitrobenzoate,® 
pyrotartrate,®  iodate,^®  pyrophosphate, hypophosphate,^’^  etc.^® 


^  Bahr,  Annalen,  1864,  132,  227  ;  Bunsen,  Pogg.  Annalen,  1876,  iSS;  380  ;  Glaser,  J. 
Amer.  Ohem.  Soe.,  1896,  18,  782  ;  Hintz  and  Weber,  Zeitsch.  anal.  Chem.,  1897,  36,  27, 
213,  676  ;  Urbain,  Ann.  Chiin.  Phys.,  1900,  [vii.],  19,  184. 

2  Chydenius,  Pogg.  Annalen,  1863,  II9,  46  ;  Hermann,  J.  prakt.  Chem.,  1864,  93,  106  ; 
Drossbach,  Zeitsch.  angew.  Chem.,  1901,  14,  655  ;  Hauser  and  Wirth,  ibid.,  1909,  22,  484  ; 
Hintz  and  Weber,  loe.  cit. ;  Glaser,  loc.  cit.,  and  Chem.  Zeit.,  1896,  20,  612 ;  Johnstone, 
J.  Soc.  Chem.  Ind.,  1914,  33,  55. 

®  T.  0.  Smith  and  C.  James,  J.  Amer.  Chem.  Soc.,  1912,  34,  281.  See  also  Knofler, 
D.R.P.,  266,459  (1912), 

*  Giles,  Chem.  News,  1905,  92,  1. 

®  Hence,  if  it  is  not  desired  that  any  cerium  should  be  precipitated,  care  must  be  taken 
to  ensure  the  absence  of  ceric  nitrate.  For  this  purpose  the  dilute  solution  may  be  saturated 
with  hydrogen  sulphide,  and  the  excess  of  gas  removed  by  boiling,  or  sulphurous  acid  may 
be  used. 

®  Dennis  and  Kortright,  Amer.  Chem.  J.,  1894,  16,  79  ;  Dennis,  J.  Amer.  Chem.  Soc., 
1896,  18,  947  ;  Wyroub'iff  and  Verneuil,  loc.  cit. 

Metzger,  J.  Amer.  Chem.  Soc.,  1902,  24,  901. 

®  Neish,  ibid.,  1904,  26,  780  ;  Kolb  and  Ahrle,  Zeitsch.  angew.  Chem.,  1905,  18,  92. 

®  Smith  and  James,  J.  Amer.  Chem.  Soc.,  1912,  34,  281. 

1“  R.  J.  Meyer  and  Speter,  Chem.  Zeit.,  1910,  34,  306  ;  R.  J.  Meyer,  Zeitsch.  anorg. 
Chem,.,  1911,  71,  65. 

Carney  and  Campbell, Am«r.  Chem.  £'oc.,1914,  36, 1134;  andD.iJ.P.,  286,087  (1914). 
’2  Koss,  Chem.  Zeit.,  1912,  36,  686  ;  Rosenheim,  ibid.,  1912,  36,  821 ;  Wirth,  ibid.,  1913, 


37,  773  ;  D.fi.P.,  268,866. 

Lecoq  de  Boisbaudran,  Compt.  rend.,  1884,  99,  525  ;  Urbain,  Bidl.  Soc.  chim.. 


1896, 


IS,  338,347;  Ann,  Chim,  Phys,,  1900,  [ni.],  19,  184;  Scliiitzeiiberger  and  Boudouard, 
Comyt.  rend.,  1897,  124,  481;  Chavastelon,  ibid.,  1900,  130,  781;  Grossmann,  Zeitsch. 
anorg.  Chem.,  1905,  44,  229  ;  Bat6k,  ibid.,  1905,  45,  87  ;  Muthmann  and  Baur,  Ber.,  1900, 
332,  2028  ;  Miss  Jefferson,  J.  Amer.  Chem.  Soc.,  1902,  24,  540  ;  Hartwell,  ibid.,  1903,  25, 
1128;  Smith  and  James,  ibid.,  1912,  34,  281. 
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Should  any  trace  of  thorium  be  left  with  the  rare  earths  after  one  of  the 
preceding  methods  has  been  used  to  effect  its  removal,  it  will  be  subsequently 
found  in  the  most  soluble  fractions  of  the  yttrium  group  if  the  separation 
of  the  earths  is  commenced  by  the  double  sulphate  method,  using  sodium 
sulphate  as  precipitant,  and  the  general  procedures  given  later  are  followed 
(see  p.  357). 

Separation  op  the  Eare  Earth  Elements  from  One  Another.  Methods 
Available.  Fractionation.  Control  of  Fractionation. 

The  preparation  of  pure  ceria  from  a  mixture  of  rare  earths  is  a  com¬ 
paratively  simple  operation  that  may  be  carried  out  by  methods  closely 
resembling  the  ordinary  analytical  methods  of  separation.  The  preparation 
of  any  other  rare  earth,  however,  is  a  tedious  process,  the  ordinary  methods 
of  separation  being  unavailable.  In  the  following  account  the  nature  of 
the  separation  processes  is  first  outlined,  and  an  indication  given  of  the 
manner  in  which  they  are  applied  in  practice.  The  actual  processes  are  then 
enumerated  and  the  application  of  the  more  useful  of  them  briefly  outlined. 

Methods  Available. — In  ordinary  analytical  chemistry  the  problem 
of  separating  the  metals  present  in  a  mixture  is  accomplished  by  converting 
each  in  turn  into  an  insoluble  or  volatile  compound  to  the  exclusion  of  those 
accompanying  it.  Each  separation  may  thus  be  effected  completely,  or 
almost  completely,  in  a  single  operation.  In  the  case  of  the  rare  earth 
elements,  however,  the  most  that  can  be  done  in  one  such  operation  is  to 
effect  a  partial  separation,  i.e.  to  divide  the  primitive  mixture  into  two  parts 
containing  the  rare  earths  in  different  proportions.  These  two  parts  have 
then  to  be  further  subdivided,  and  the  process  of  subdivision  carried  on  for 
a  very  long  time,  portions  similar  in  composition  being  united  at  appropriate 
intervals.  Such  a  method  of  separation  is  spoken  of  as  a  fractionation, 
and  the  various  parts  into  which  the  initial  mixture  is  divided  are  termed 
fractions. 

The  methods  of  fractionation,  which  most  closely  resemble  the  methods 
of  ordinary  analytical  chemistry,  are  as  follows  : — • 

(i.)  Fractional  volatilisation. 

(ii.)  Fractional  decomposition  of  salts  by  heat. 

(iii.)  Fractional  precipitation. 

Fractional  volatilisation  has  so  far  only  been  employed  in  effecting  the 
partial  separation  of  ytterbium  and  lutecium,  and  need  not  be  further 
discussed. 

The  methods  of  fractional  decomposition  and  precipitation  were  much 
employed  by  the  early  workers  on  the  rare  earths.  The  former  is  of  little 
value  except  in  one  instance,  the  decomposition  of  the  nitrates  of  the  yttrium 
group.  Both  exploit  the  fact  that  the  rare  earths,  although  all  fairly  strong 
bases,  exhibit  slight  differences  in  their  strengths.  In  the  case  of  fractional 
precipitation  the  results  obtained  also  depend  upon  the  relative  solubilities 
of  the  sparingly  soluble  compounds  that  are  precipitated  \  in  most  cases, 
however,  the  solubilities  of  these  compounds  do  not  differ  widely  among 
themselves,  so  that  the  influence  of  solubility  is  of  very  little  account.  The 
weakest  base  precipitates  first  and  the  sti’ongest  last.  This  holds  good 
whether  the  rare  earths  are  separated  by  precipitating  the  hydroxides,  basic 
salts  or  normal  salts ;  for  example,  the  yttrium  compound  is  the  last  to 
precipitate,  whether  the  yttrium  group  is  precipitated  as  hydroxides,  ferro- 
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cyanides,  iodates,  stearates,  or  basic  nitrites.  A  knowledge  of  the  relative 
strength  of  the  rare  earths  is  therefore  of  importance  for  fractional  decom¬ 
position  or  precipitation :  the  relative  strengths  have  been  already  discussed 
(p.  267). 

The  method  to  be  pursued  in  effecting  fractional  decomposition  or  pre¬ 
cipitation  will  be  evident  after  reading  the  description  of  fractional  crystal¬ 
lisation,  given  below,  and  the  short  account  of  the  “decomposition  of  the 
nitrates,”  given  later  (p.  353).  There  is  little  doubt  that  the  precipitates 
obtained  in  fractionating  by  precipitation  are  usually  solid  solutions  or 
mixed  crystals. 

Fractionation  involves  the  frequent  repetition  of  the  same  operations. 
It  is  accordingly  very  desirable  that  the  technique  of  the  process  should  be 
as  simple  as  possible,  in  order  to  economise  time,  minimise  the  risk  of 
accidents,  and  prevent  the  continual  loss  of  small  quantities  of  material. 
Methods  of  fractionation  that  involve  filtrations,  ignitions,  and  tedious 
evaporations  should  therefore  be  employed  only  in  special  cases;  “fractional 
precipitation  to  be  of  value  must  be  very  rapid.”  ^  In  general,  it  is  much 
better  to  resort  to  a  method  of  separation  which  finds  no  counterpart  in 
ordinary  analytical  procedure,  namely,  fractional  crystallisation  of  corre¬ 
sponding  isomorphous  salts  from  a  suitable  solvent.  The  salts  should 
preferably  be  very  soluble  in  the  hot  solvent  and  separate  on  cooling  in 
compact  crystalline  masses.  The  most  convenient  solvent  is  water.  The 
only  operations  involved  consist  in  dissolving  crystals  in  mother  liquors, 
occasionally  concentrating  the  solutions,  and  decanting  mother  liquors  from 
crystals. 

Fractional  Crystallisation. — The  utility  of  this  method  for  separating 
the  rare  earth  elements  is  due  to  the  fact  that  the  corresponding  salts  of 
these  elements  are  usually  isomorphous  and  capable  of  forming  mixed  crystals. 
If  two  salts  are  not  isomorphous,  then  fractional  crystallisation  permits, 
according  to  circumstances,  of  the  isolation  only  of  the  least  soluble  or  most 
abundant  of  them  from  a  mixture.  With  isomorphous  salts,  however,  it  is 
possible,  by  a  series  of  skilfully  conducted  crystallisations,  to  separate  them 
in  a  state  of  purity,  step  by  step,  in  the  order  of  their  solubilities.  The 
expei’imental  procedure  may  be  varied  somewhat  to  suit  a  particular  case,  but 
in  general  is  as  follows  : — 

The  initial  mixture  of  salts  (1)  is  crystallised  from  the  solvent,  about 
half  the  mixture  being  left  in  solution.  Crystals  (2)  and  mother  liquor  (3)  are 
thus  obtained  and  separated.  Each  in  turn  is  crystallised.  The  crystals  (2) 
give  place  to  crystals  (4)  and  mother  liquor  (5) ;  the  mother  liquor  (3) 
becomes  divided  into  crystals  (6)  and  mother  liquor  (7).  Liquor  (5)  and 
crystals  (6)  are  united  into  one  fraction,  and  this,  together  with  crystals  (4) 
and  liquor  (7),  constitute  the  three  fractions  into  which  the  material  is  now 
divided.  By  further  crystallisation,  crystals  (4)  yield  crystals  (8)  and  liquor 
(9)  ;  fraction  (5,  6)  gives  crystals  (10)  and  liquor  (11) ;  and  liquor  (7)  supplies 
crystals  (12)  and  liquor  (13).  The  following  combinations  are  then  effected  : 
(9)  with  (10),  (11)  with  (12);  the  method  being  to  pour  liquor  (13)  into  a 
fresh  vessel,  then  pour  liquor  (11)  on  to  crystals  (12),  and  finally  to  pour 
liquor  (9)  on  to  crystals  (10).  Eesolution  into  four  fractions  is  thus 
accomplished.  The  subsequent  operations,  as  well  as  those  just  described, 
are  sufficiently  indicated  in  the  accompanying  diagram  (fig.  34).  In  this 


^  James,  J,  Amer,  Chem.  Soc.,  1908,  30,  184. 
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diagram  even  numbers  represent  crystals  and  odd  numbers  denote  mother 
liquors;  the  arrows  indicate  how  each  fraction  is  subdivided,  and  the  juxta¬ 
position  of  two  numbers  represents  the  combination  of  two  fractions  into  one. 

The  method  of  proceeding  with  the  work  of  subdivision  should  now  be 
clear.  By  this  process  the  initial  mixture  is  resolved  into  some  twenty  or 
thirty  fractions,  according  to  the  nature  of  the  mixture.  The  first  stage  of 
the  fractionation  is  then  finished. 

During  the  second  stage  of  the  process  the  number  of  fractions  is 
maintained  constant.  Suppose,  for  instance,  that  twenty  fractions  have  been 
obtained.  ,  They  are  numbered  from  (1^  to  (20),  beginning  with  the  least  and 
ending  with  the  most  soluble  fraction.  Each  is  crystallised  (with  readily 


soluble  substances  it  is  usually  best  to  allow  the  greater  part  of  the  solid  to 
separate  out,  say,  three-fourths  of  the  whole).  The  mother  liquor  from  (20) 
is  poured  into  a  new  vessel  (21),  the  liquor  from  (19)  poured  into  (20),  that 
from  (18)  into  (19),  and  so  on  until  the  liquor  from  (1)  is  poured  into  (2). 
From  (2)  to  (20)  the  vessels  are  heated  until  the  crystals  dissolve  in  the 
liquids,  and  are  then  allowed  to  cool  slowly.  Fresh  solvent  is  added  to  (1) 
for  the  crystallisation,  but  (21)  is  left  alone.  After  crystallisation  has 
occurred,  the  previous  process  of  decantation  is  gone  through,  commencing 
as  before  by  pouring  the  liquor  from  (20)  into  (21).  For  the  next  crystallisa¬ 
tion  a  further  quantity  of  solvent  is  added  to  (1),  but  fraction  (21)  is  still 
untouched. 

After  one  or  two  more  series  of  crystallisations,  fraction  (1)  has  dwindled 
to  a  very  small  amount.  It  therefore  misses  the  next  crystallisation.  After 
the  decantation  of  mother  liquors  has  been  performed,  fraction  (1)  is  then 
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added  to  the  crystals  in  (2),  which  thus  becomes  the  new  “head”  fraction. 
By  this  time,  however,  the  accumulation  of  mother  liquors  in  (21)  has  pro¬ 
duced  a  new  fraction  equal  in  size  to  the  others,  and  from  this  time  onwards 
it  becomes  the  new  “  tail  ”  fraction  and  takes  part  in  the  crystallisations. 

By  operating  in  the  preceding  manner,  the  fractions  (2),  (3),  (4),  etc., 
disappear  in  turn,  and  new  fractions  (22),  (23),  (24),  etc.,  are  successively 
added ;  throughout  the  entire  process,  therefore,  the  number  of  fractions 
remains  constant.  It  is  generally  desirable  to  maintain  the  fractions  equal  in 
size  throughout  the  series  of  crystallisations,  and,  in  effecting  this,  some  little 
skill  is  required  to  counteract  the  tendency  of  the  middle  fractions  to  grow 
at  the  expense  of  those  at  the  two  ends.  Care  should  also  be  taken  to 
exclude  dust,  etc.,  and  if  the  crystallisations  are  carried  out  in  Jena  glass 
flasks,  as  recommended  by  Urbain,  the  flasks  must  not  be  more  than  half 
filled,  otherwise  expansion  of  the  crystals  not  infrequently  leads  to  breakages.^ 
Serial  Order  of  the  Rare  Earth  Elements. — Fractional  crystallisa¬ 
tion  of  salts  of  the  rare  earth  elements  usually  amounts  to  the  separation  of 
the  components  of  a  mixture  of  isomorphous  salts.  Consider  the  case  of  three 
such  salts.  A,  B,  and  C,  the  solubilities  of  which  increase  in  the  order  specified. 
The  prolonged  fractional  crystallisation  of  a  mixture  of  these  salts  leads  in 
general  to  the  following  result: — The  first  few  “head”  fractions  consist  of 
pure  A ;  the  next  fractions  in  order  consist  of  mixtures  of  A  and  B,  the 
percentage  of  B  increasing  as  the  most  soluble  fractions  are  approached^ 
then  follows  a  series  of  fractions  consisting  of  practically  pure  B ;  the  next 
series  of  fractions  contain  both  B  and  C,  the  percentage  of  C  increasing  in 
the  direction  of  the  more  soluble  fractions ;  and,  finally,  a  number  of  fractions 
of  pure  C  are  obtained.^  In  short,  the  salts  are  spread  out  and  separated  in 
the  order  of  their  solubilities,  a  number  of  mixtures  or  intermediate  fractions 
being  interposed  between  each  two  consecutive  salts. 

The  separation  of  two  rare  earth  salts  by  an  assigned  method  requires  the 
presence  of  a  certain  number  of  intermediate  fractions.  The  eflsciencies  of 
different  methods  of  separation  may  be  regarded  as  inversely  proportional  to 
the  number  of  intermediate  fractions  they  necessitate.  In  order  to  continue 
with  the  separation  of  the  salts  contained  in  a  series  of  intermediate  fractions, 
it  is  necessary  to  increase  their  number  by  the  usual  method  of  subdivision 
and  then  to  continue  the  fractionation.  The  intermediate  fractions  may  thus 
be  diminished  in  quantity,  but  not  in  number. 

In  the  case  discussed  it  happens  that  while  A  has  only  to  be  separated 
from  more  soluble,  and  C  from  less  soluble  impurities,  B  has  to  be  separated 
from  a  less  soluble  and  also  a  more  soluble  impurity.  In  such  a  case  as  that 
of  B  it  is  often  more  difficult  to  eliminate  the  less  soluble  impurity  than  the 
more  soluble  one.  The  way  out  of  this  difficulty,  however,  is  fairly  obvious  ; 
after  C  has  been  eliminated  as  completely  as  possible,  the  still  impure  salt 
B  is  converted  into  a  new  salt  B'  so  that  the  order  of  increasing  solubility 

^  For  further  information  on  fractional  crystallisation,  see  Urbain,  J.  Chim,  phys.,  1906, 
4,  36  ;  Auer  von  Welsbach,  Monatsh.,  1885,  6,  477. 

2  This  assumes  that  none  of  the  salts  is  very  scarce  in  comparison  with  the  others 
There  is  usually  no  advantage  gained  by  increasing  the  number  of  fractions  beyond  twenty 
or  thirty,  and  if,  say,  the  salt  B  constitutes  only  one-hundredth  of  the  mixture,  the  state  of 
affaiis  mentioned  in  the  text  obviously  cannot  be  realised.  The  salt  H,  however,  accumulates 
in  the  middle  fractions  of  the  series,  so  that  aftei'  fractionation  has  been  proceeded  with  for 
a  sufficient  length  of  time  end  fractions  of  pure  A  and  C  may  be  removed.  The  intermediate 
fractions  may  now  be  increased  in  number,  and  further  quantities  of  A  and  C  removed,  until 
eventually  B  forms  a  considerable  proportion  of  the  fractions  left. 
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is  now  C',  B',  A'.  Further  fractionation  of  B'  then  eliminates  A'  in  the  “  tail  ” 
fi’actions.^ 

Similar  considerations  to  the  preceding  apply  when  the  mixtures  to  be 
fractionated  contain  not  merely  three,  but  a  considerably  greater  number  of 
salts.  In  separating  complex  mixtures,  however,  the  procedure  adopted  is 
first  to  effect  a  preliminary  separation  into  groups  of  salts,  and  then  to  treat 
each  group  apart  from  the  others.^ 

From  a  study  of  the  various  salts  that  have  been  utilised  for  the  purpose 
of  fractional  crystallisation  it  has  been  found  that  the  order  of  separation,  or 
serial  order,  of  the  rare  earth  elements  is  usually  as  follows  ; —  ^ 

La,  Ce,  Pr,  Nd,  Sm,  Eu,  Gd,  Tb,  Dy,  Ho,  Y,  Er,  Tm,  Yb,  Lu  (Ct). 

Hence,  for  example,  a  neodymium  salt  that  has  been  freed  by  fractional 
crystallisation  from  all  but  the  last  traces  of  praseodymium  and  samarium 


Fig.  35. — Solubilities  of  the  1:4:  2 — bromonitrobenzeuesulplionates 
of  the  rare  earth  metals  at  25°. 

salts,  its  neighbours  in  the  series,  will  be  even  more  free  from  lanthanum, 
europium,  gadolinium,  etc. 

It  is  generally  assumed  that  the  serial  order  represents  not  only  the  order 
in  which  the  rare  earth  salts  separate,  but  also  the  order  of  solubility  of  the 
salts.  It  is  not  certain,  however,  that  the  separations  always  do  occur  in  the 
order  of  the  solubilities  of  the  salts,  although  this  usually  appears  to  be  the 
case.^  It  is  noteworthy  that  with  the  exception  of  yttrium  the  serial  order 
of  the  elements  is  the  order  of  increasing  atomic  weights,  and  thus  ranges  the 
tei'bium  group  between  the  cerium  and  yttrium  groups.  In  the  majority  of 
cases  the  lanthanum  salt  is  the  least  soluble  of  the  series ;  occasionally, 
however,  it  is  the  most  soluble. 

The  separation  of  the  rare  earth  salts  by  crystallisation  does  not  always 
follow  the  serial  order.  It  is,  perhaps,  not  to  be  expected  that  this  order 

^  Urbain,  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  227-29  ;  Baxter  and  Chapin,  J.  Amer. 
Chcm.  Soc.,  1911,  33,  1. 

®  This  often  involves  changing  the  method  of  fractionation,  and  in  doing  so  each  fraction 
should  be  separately  converted  into  the  new  salt  if  the  order  of  separation  remains  the  same  ; 
otherwise  much  of  the  advantage  of  the  previous  sejiaration  is  lost. 

®  Urbain  and  Lacombe,  Chcm.  News,  1904,  90,  319  ;  Urbain,  J.  Chim.  phys.,  1906,  4, 
64  ;  Chem.  News,  1909,  100,  73  ;  Seventh  Int.  Cong.  Appl.  Chem.,  1909,  Sect.  X.,  p.  94. 

*  Thus,  praseodymium  bromate  is  rather  more  soluble  in  water  than  yttrium  bromate, 
and  yet  when  the  mixed  bromates  of  yttrium,  praseodymium,  erbium,  and  thulium  are 
fractionated,  the  praseodymium  salt  rapidly  accumulates  in  the  head  fractions  in  advance  of 
the  yttrium  (James,  J.  Amer.  Chem,  Soc.,  1911,  33,  1341).  See  also  the  data  on  p.  269. 
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would  be  followed  when  the  salts  are  not  isomorphons  and  of  the  same  type. 
The  1  :4:2 — hromonitrohenzenesulphonates^  are  a  case  in  point,  as  they  fall 
into  three  groups  according  to  their  degrees  of  hydration.  The  solubilities 
have  been  already  given  (p.  281) ;  they  are  plotted  against  the  serial  order 
in  fig.  35.  It  is  clear  that  fractional  crystallisation  of  a  complex  mixture 
of  these  rare  earth  salts  will  not  effect  their  separation  in  serial  order.  Even 
when  the  salts  are  isomorphons,  however,  there  are  cases  in  which  the  serial 
order  is  not  observed.  The  ethylsulphates  (p.  278)  afford  one  such  instance, 
the  solubilities  diminishing  from  lanthanum  to  neodymium,  and  thereafter 
increasing.  The  hromates  (p,  256)  and  nitrates  (p.  267)  are  analogous  to  the 
ethylsulphates;  in  the  case  of  the  bromates  the  europium  salt  is  the  least 
soluble,  and  in  the  case  of  the  nitrates,  which  crystallise  from  nitric  acid  as 
the  pentahydrates,  the  least  soluble  nitrate  is  the  salt  of  gadolinium. 

Separating’  Elements. — In  discussing  the  atomic  weights  of  the  rare 
earth  elements  it  was  pointed  out  that  a  number  of  bismuth  salts  are  iso- 


Fig.  36. — Solubilities  of  the  nitrates  of  the  rare  earth  elements. 


morphous  with  the  corresponding  salts  of  the  rare  earth  elements  (p.  234). 
If,  then,  a  quantity  of  the  bismuth  salt  is  added  to  a  suitable  mixture  of  rare 
earth  salts,  and  the  whole  submitted  to  fractional  crystallisation,  the  bismuth 
salt  eventually  separates  out  at  a  definite  point  in  the  series,  between  two  of 
the  salts  of  the  rare  earth  elements.  If  the  crystallisation  is  continued  until 
a  number  of  fractions  of  chemically  pure  bismuth  salt  have  been  obtained,  a 
quantitative  separation  of  the  rare  earths  has  been  achieved.  This  ingenious 
method  of  using  bismuth  as  a  separating  element  is  due  to  Urbain  and 
Lacombe.^ 

Bismuth  occupies  a  definite  position  in  the  serial  order,  namely,  between 
samarium  and  europium-,  and  hence,  with  mixtures  conforming  with  the 
law  of  serial  order,  it  is  only  possible  to  produce  a  quantitative  separation  at 
this  one  point  in  the  rare  earth  series.  When  the  mixture  does  not  separate 
in  that  manner,  however,  a  different  point  of  separation  becomes  possible. 
Only  one  instance  bas  yet  been  worked  out,  namely,  the  case  of  the  nitrates, 
M(N03)g.5H20.  When  the  solubilities  of  these  salts  are  plotted  against  the 
serial  order  of  the  elements,  the  result  is  somewhat  as  shown  in  fig.  36.  It 
will  be  clear  that  not  only  may  a  quantitative  separation  be  made  between 
samarium  and  europium  if  the  rare  earth  elements  fi'om  lanthanum  to 


^  Katz  and  James,  J.  Amer.  Clieni.  See.,  1913,  35,  872, 

^  Urbain  and  Laconibe,  Comjit.  rend.,  1903,  137,  792  ;  1904,  138,  84,  627,  1166  ;  Chem. 
Neios,  1903,  88,  295;  1904,  89,  52,  277  ;  Urbain,  J.  CMm.phys.,  1906,  4,  40,  105. 
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gadolinium  only  are  present,  but  a  similar  separation  may  be  made  between 
gadolinium  and  terbium  in  mixtures  that  contain  the  elements  from  gadolinium 
to  celtium  in  the  seriesd 

The  application  of  bismuth  as  a  separating  element,  when  made  in  con¬ 
nection  with  the  fractionation  of  the  double  magnesium  nitrates,  results  in  the 
quantitative  separation  of  samarium  from  europium,  i.e.  the  complete  elimi¬ 
nation  of  intermediate  Sm-Eu  fractions.  This  is  not,  however,  the  only 
beneficial  result  that  is  achieved.  The  samarium  and  bismuth  salts  are 
miscible  to  a  considerable  extent  in  the  solid  state ;  but  the  neodymium  com¬ 
pound  is  only  taken  up  to  a  very  slight  extent,  and  the  praseodymium,  cerium, 
and  lanthanum  compounds  not  at  all  by  the  bismuth  salt.  Accordingly,  after 
the  bulk  of  the  lanthanum,  cerium,  praseodymium,  and  neodymium  has  been 
removed  in  the  ordinary  way  (and  this  may  readily  and  quickly  be  effected), 
the  application  of  the  bismuth  process  leads  to  the  rapid  elimination  of  the 
remainder  of  these  elements  from  the  samarium,  intermediate  Nd-Sm  fractions 
being  reduced  to  a  very  small  amount.  In  a  somewhat  similar  manner  the 
separation  of  europium  and  gadolinium  is  greatly  facilitated,  although  in  this 
case  each  salt  is  readily  miscible  with  the  salt  of  bismuth ;  four  intermediate 
Eu-Gd  fractions  only  are  necessary,  instead  of  eighteen  when  the  bismuth 
salt  is  omitted  (see  p.  349). ^ 

When  the  simple  nitrates  of  gadolinium,  terbium,  dysprosium,  etc.,  are 
fractionated  in  the  presence  of  bismuth  nitrate,  the  intermediate  Gd-Tb 
fractions  may  be  reduced  practically  to  zero,  and  the  intermediate  Tb-Dy 
fractions  to  a  small  amount. 

Bismuth  may  be  employed  as  a  separating  element  in  a  different  manner 
from  the  preceding.  In  fractionating  the  rare  earths,  mixtures  are  sometimes 
obtained  comparatively  rich  in  samarium,  and  especially  in  gadolinium,  but 
containing  so  much  of  the  yttrium  group  that  the  samarium  and  gadolinium 
cannot  be  removed  from  them  by  crystallisation  as  the  double  magnesium 
nitrates.  Now  the  members  of  the  yttrium  group  do  not  form  double 
magnesium  nitrates.  If,  then,  bismuth  magnesium  nitrate  is  added  in 
sufficient  amount  to  allow  the  crystallisation  to  commence,  and  more  added 
from  time  to  time  to  the  most  soluble  fraction,  the  bismuth  salt  accumulates 
quite  rapidly  in  the  “head”  fractions,  carrying  with  it  practically  the  whole 
of  the  samarium  and  gadolinium  salts.^ 

The  great  value  of  bismuth  for  the  preceding  purposes  lies  in  the  fact 
that  when  the  necessary  rare  earth  separations  have  been  effected  by  its  aid, 
it  may  be  rapidly  and  completely  eliminated  by  simple  analytical  processes. 
Unfortunately,  in  its  isomorphism  with  the  rare  earth  metals  bismuth  appears 
to  be  unique  among  the  common  elements.  Occasionally,  however,  one  rare 
earth  element  may  be  used  as  a  separating  element  for  two  others. 

As  an  example,  the  separation  of  lanthanum,  praseodymium,  and  neo¬ 
dymium  by  the  crystallisation  of  the  double  ammonium  nitrates  from  niti'ic 
acid  may  be  discussed.  In  this  process  the  lanthanum  salt  separates  in  the 


1  Urbain,  Compt.  rend,,  1909,  149,  37. 

®  From  the  results  of  Eberhard’s  investigations  of  the  arc  spectra  of  Urbain  and  Lacombe’s 
Sm-Eu-Gd  fractions  it  may  be  stated  that  (i.)  the  sejmration  of  Sm  and  Eu  is  quantitative, 
(ii.)  pure  Eu  may  be  obtained,  (iii.)  Sa  may  be  completely  freed  from  Eu.  and  (iv.)  Gd  may 
bo  obtained  quite  free  from  Sm  but  containing  traces  of  Eu  (Eberhard,  Zeitsch.  anorg.  Chem., 
1905,  45,  374). 

®  Urbain  and  Lacombe,  Compt.  rend,,  1904,  138,  84;  Chem.  News,  1904,  89,  62; 
Urbain,  J,  Chim.  phys.,  1906,  4,  121, 
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“head”  fractions  fairly  readily,  before  the  praseodymium  and  neodymium 
have  separated  to  any  considerable  extent,  and  once  the  bulk  of  the  lanthanum 
has  been  thus  eliminated,  the  separation  of  the  other  two  elements  proceeds 
extremely  slowly  and  it  is  difficult  to  induce  crystallisation.  Further 
separation  of  the  praseodymium  and  neodymium  may,  however,  be  brought 
about  more  rapidly  if  part  of  the  separated  lanthanum  is  returned  to  the 
final  mother  liquor  and  again  crystallised  through  the  series  of  fractions.^  It 
is  better,  however,  to  add  cerous  ammonium  nitrate,  since  the  subsequent 
elimination  of  cerium  is  much  easier  than  the  removal  of  the  lanthanum. ^ 
In  a  somewhat  similar  manner,  James  has  utilised  praseodymium  bromate 
in  effecting  the  separation  of  the  bromates  of  erbium  and  thulium.^ 

In  the  preceding  example,  the  use  of  lanthanum  or  cerium  resembles  the 
use  of  bismuth  in  facilitating  the  separation  of  europium  and  gadolinium. 
It  should  be  possible,  however,  to  realise  the  quantitative  separation  of  two 
rare  earth  elements  by  a  third  in  the  same  way  that  bismuth  effects  the 
separation  of  samarium  and  europium.  Thus,  suppose  a  mixture  of  the  salts 
of  three  rare  earth  elements  A,  B,  C  be  fractionated,  the  solubilities  of  the 
salts  increasing  in  the  order  A,  B,  C  and  the  salt  of  B  being  in  excess  of  the 
others,  until  several  consecutive  middle  fractions  consist  of  practically  pure 
salt  of  B.  The  less  soluble  fractions  will  then  be  A-B  mixtures  practically 
free  from  C,  and  the  more  soluble  fractions  will  be  B-C  mixtures  free  from  A. 
Now,  by  a  proper  choice  of  salts  the  solubilities  of  which  do  not  follow  the 
serial  order  from  lanthanum  to  celtium,  it  may  be  possible  to  separate 
quantitatively  each  of  the  binary  mixtures  A-B  and  B-C  by  the  bismuth 
magnesium  nitrate  method,  and,  if  so,  the  separation  of  A  from  C  will  have 
been  accomplished  quantitatively  by  the  aid  of  B.  James  and  Bissel^  have 
obtained  good  .evidence  that  n.eodymium  may  be  used  in  this  manner  in 
effecting  a  quantitative  separation  of  gadolinium  and  terbium  bromates ;  in 
this  case  A,  B,  C  are  gadolinium,  neodymium,  and  terbium  respectively,  and 
the  A-B  and  B-0  mixtures  may  be  quantitatively  separated  by  the  bismuth 
method. 

Control  of  Fractionation. — It  is  necessary  from  time  to  time  to  follow 
the  progress  of  the  fractionation.  The  methods  utilised  for  this  purpose  are 
(i.)  measurement  of  chemical  equivalents,  (ii.)  measurement  of  magnetic 
susceptibilities,  and  (iii.)  observations  of  various  types  of  spectra. 

(i.)  The  “  Chemical  Equivalent  ”  Method. — It  is  possible  to  give  a  perfectly 
definite  meaning  to  the  term  “  equivalent  ”  when  applied  to  a  mixture  of  rare 
earths,  viz.,  the  number  of  parts  by  weight  of  the  mixture  that  react  with  one 
equivalent  of  an  acid,  and  the  experimental  determination  of  the  equivalent 
may  be  carried  out  by  any  of  the  methods  that  have  been  previously  described 
for  the  determination  of  the  atomic  weights  of  the  rare  earth  elements  (p.  239). 
It  is  usual,  however,  to  express  the  result  of  the  measurement,  not  in  terms 
of  an  equivalent,  but  rather  as  the  fictitious  “  atomic  weight  ”  corresponding 
to  it. 

Suppose,  now,  that  a  rare  earth  mixture  has  been  resolved  into  a  number 


^  Auer  von  Welsbach,  Monatsh.,  1886,  6,  477  ;  Schottlander,  Ber.,  1892,  25,  378,  669. 

®  Yon  Scheele,  Zeitsch.  anorg.  Ghem.,  1898,  17,  310;  cf.  Feit  and  Prziliylla,  Zeitsch. 
anorg.  Chem.,  1906,  43,  202,  and  Erdmann  and  Wirth,  Annalen,  1908,  361,  190,  who  use 
cerous  magnesium  nitrate  to  assist  in  the  separation  of  the  double  magnesium  nitrates  of 
lanthanum,  praseodymium,  and  neodymium. 

®  James,  J.  Amer.  Chem.  Soe.,  1911,  33,  1341. 

*  James  and  Bissel,  J.  Amer.  Chem.  Soc.,  1914,  36,  2060, 
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of  fractions.  Frequently,  the  order  of  separation  of  the  rare  earth  elements 
corresponds  with  the  order  of  their  atomic  weights.  If,  then,  the  exti’eme 
atomic  weights  of  the  elements  in  a  mixture  are  and  W„,  the  fictitious 
“  atomic  weights  ”  of  the  two  end  fractions  continually  approximate  to  the 
values  Wa  and  Wm,  and  the  “atomic  weights”  of  the  intermediate  fractions 
vary  regularly  from  the  one  extreme  to  the  other.  The  manner  in  which 
these  “atomic  weights”  vary  as  fractionation  proceeds  may  be  described 
most  simply,  perhaps,  in  terms  of  a  graphical  construction,  in  which  the 
numbers  of  the  fractions  are  plotted  as  ordinates  and  the  corresponding 
“atomic  weights”  as  abscissae,  a  curve  being  then  drawn  through  the  points. 
The  curve  has  at  first  an  upward  or  downward  trend  throughout  its  entire 
length,  but  as  fractionation  proceeds,  indications  of  horizontal  portions  appear 
in  the  curve  and  gradually  become  more  and  more  pronounced.  As  a  rule, 
each  horizontal  region  corresponds  to  a  series  of  fractions  of  a  pure  rare  earth 
compound ;  so  that  the  atomic  weights  Wa,  W^g,  W.^  .  .  .  Wm,  corresponding 
to  the  horizontal  portions  of  the  curve,  are  the  atomic  weights  of  the  rare 
earth  elements  present  in  the  mixture.  Occasionally,  however,  a  horizontal 
region  corresponds  to  the  isolation  of  a  mixture  that  cannot  be  resolved  by 
the  particular  process  that  is  being  employed. 

Even  when  the  rare  earth  elements  do  not  separate  in  the  order  of  their 
atomic  weights  the  final  curve  will  consist  of  a  number '  of  horizontal  regions 
joined  together  by  intermediate  curved  portions ;  its  evolution,  however, 
from  a  simple  starting-curve  cannot  be  followed  in  the  preceding  manner. 
This  is  the  case,  for  instance,  when  the  yttrium  earths  are  fractionated  by 
crystallisation,  the  atomic  weight  of  yttrium  being  much  less  than  that  of 
any  other  rare  earth  element. 

In  any  case,  however,  the  “  atomic  weight  ”  method  of  control  is  used  in 
conjunction  with  the  spectroscopic  method.  Valuable  information  may  be 
obtained  by  it,  but,  owing  to  the  fact  that  the  atomic  weights  of  any  two 
successive  elements  in  the  serial  order  are  very  close  together,  ^  the  method 
is  not  very  sensitive.^ 

(ii.)  The  Magnetic  Susceptibility  Method.- — -The  rare  earths  differ  very  much 
among  themselves  in  the  values  of  their  magnetic  susceptibilities.  For 
instance,  the  values  for  gadolinia  and  europia  are  in  the  ratio  of  5  to  1. 
Determinations  of  magnetic  susceptibilities  therefore  provide  a  much  more 
sensitive  means  of  controlling  the  course  of  a  fractionation  than  measurements 
of  chemical  equivalents.  Moreover,  by  means  of  Curie  and  Cheneveau’s 
magnetic  balance  it  is  possible  to  determine  a  magnetic  susceptibility  in  a 
few  minutes ;  the  method  is  therefore  extremely  practical.  Its  utility  was 
pointed  out  by  Urbain  and  Jantsch.® 

^  Yttrium  being  excluded. 

The  oxalate  method  of  p.  242  is,  perha])s,  the  one  that  has  been  most  frequently 
employed  in  determining  the  “atomic  weights”  corresponding  to  the  various  fractions. 
Like  practically  all  the  other  methods,  the  “weight  of  oxide”  is  one  term  of  the  ratio 
measured.  Since,  then,  ceria  is  a  dioxide,  it  is  necessary  to  eliminate  cerium  before  com¬ 
mencing  the  fractionation,  or  else  with  each  “atomic  weight”  measurement  to  determine 
the  percentage  of  ceria  in  the  oxide.  Similar  difficulties  are  likewise  encountered  owing 
to  the  fact  that  the  oxalates  of  praseodymium  and  terbium  give  peroxides  when  calcined  and 
not  sesquioxides  ;  either  the  peroxides  may  be  reduced  in  hydrogen  or  their  peroxide  oxygen 
determined  iodimetrically.  The  “atomic  weight  ”  method  is  accordingly  of  very  little  value 
so  far  as  the  cerium  group  is  concerned. 

®  Urbain,  Compt.  rend.,  1908,  146,  406,  922  ;  Urbain  and  Jantscb,  ibid.,  1908,  147, 
1286;  Urbain,  ibid.,  1909,  149,  37;  1910,  150,  913;  1911,  152,  141  ;  Blumenfeld  and 
Urbain,  ibid,,  1914,  159,  323. 
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In  putting  this  method  into  practice  the  oxalates  should  be  precipitated 
from  the  fractions  and  calcined  to  oxides  just  previous  to  the  actual  measure¬ 
ments  of  the  susceptibilities.  The  numerical  data  for  the  pure  earths  are 
given  on  p.  257.^ 

(iii.)  The  Spectroscopic  Method. — The  salts  of  nine  of  the  rare  earth  elements 
give  absorption  spectra  in  the  visible  region,  and  those  of  one  other  give  a 
well-defined  ultraviolet  spectrum.  The  frequent  observation  of  the  absorption 
spectra  of  the  fractions  therefore  affords  a  rapid  and  extremely  valuable 
method  for  following  the  progress  of  fractionation.  Throughout  the  early 
stages  of  the  separation,  observations  with  a  good  pocket  spectroscope  are 
sufficient  for  the  purpose  j  subsequently,  however,  more  precise  measurements 
are  necessary.  The  comparison  of  the  spectra  of  different  fractions  must  be 
effected  under  conditions  which  are  the  same  for  each  fraction,  or  erroneous 
conclusions  may  easily  be  drawn. ^ 

When  a  series  of  consecutive  fractions  have  identical  absorption  spectra, 
it  is  usually,  but  not  invariably,  the  case  that  a  pure  rare  earth  salt  has  been 
obtained.  It  is  not  enough  to  compare  the  visible  absorption  spectra"  the 
ultraviolet  regions  must  also  be  examined,  preferably  by  the  photographic 
method. 

The  separation  of  the  elements  in  the  colourless  fractions  should  be 
followed  by  studying  the  sparh  spectra,  which  are  not  so  sensitive  as  the  arc 
spectra  and  involve  no  sensible  loss  of  material  in  their  examination.  The 
study  of  the  spark  spectra  of  the  coloured  fractions  is  also  extremely  valuable. 
These  spectra  should  not  be  examined,  however,  until  very  considerable 
progress  has  been  made  in  the  fractionation,  since  the  spark  spectra  of  rare 
earth  mixtures  are  exceedingly  rich  in  lines.  The  constancy  of  absorption 
and  spark  spectra  throughout  several  consecutive  fractions  is  the  best  criterion 
of  the  isolation  of  a  pure  rare  earth  compound,  but  it  is  not  infallible.  When 
this  constancy  of  spectral  characteristics  is  attained,  accurate  atomic  weight 
measurements  should  be  made,  in  order  to  obtain  additional  confirmation. 

Finally,  observations  of  the  arc  and  phosphorescence  spectra  may  be  made 
in  order  to  determine  the  degree  of  purity  of  the  rare  earth  salt  that  has  been 
isolated. 

The  various  spectra  of  the  rare  earth  elements  and  their  compounds  are 
described  in  some  detail  in  the  preceding  chapter  (pp.  282-312). 

It  may  generally  be  assumed  that  a  pure  rare  earth  compound  has  been 
isolated  in  the  course  of  fractionation  when  a  number  of  consecutive  fractions 
are  obtained,  identical  in  all  respects ;  that  is  to  say,  when  all  the  fractions 
correspond  to  the  same  atomic  weight,  yield  rare  earths  identical  in  their 
physical  properties,  particularly  their  magnetic  susceptibilities,  and  possess 
identical  spectral  characteristics,  quantitatively  as  well  as  qualitatively. 
When,  in  addition,  the  fractionation  of  such  a  series  of  fractions  is  continued 
by  other  methods  with  negative  results,  the  assumption  that  a  pure  rare  earth 
compound  has  been  isolated  becomes  practically  certain.  The  rare  earth  thus 
isolated  conforms,  in  fact,  to  the  experimental  definition  of  a  pure  substance. 

In  controlling  the  course  of  fractionation  one  other  point  should  be  noted. 
As  has  been  already  pointed  out,  between  each  two  consecutive  series  of 


1  On  the  measurement  of  magne bio  susceptibilities,  see  Curie,  Chim.  Phys.,  1895, 

[vii.],  5,  289  ;  Meslin,  ibid.,  1906,  [viii.],  7,  145;  Curie  and  Cheneveau,  J.  de  physique, 
1903,  [iv.],  2,  796  ;  Poynting  and  Thomson,  Electricity  and  Magnetism  (Griffin  &  Co.,  1914). 
^  See  pp.  283-7. 
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fractions  of  pure  rare  earth  salts  there  exists  a  series  of  intermediate  fractions. 
It  is  of  importance  (i.)  that  these  should  be  expanded  into  a  larger  number  of 
smaller  fractions,  and  the  process  of  separation  continued  until  eventually  the 
intermediate  portions  are  insignificant  in  comparison  with  the  pure  salts  ;  and 
(ii.)  that  confirmation  can  be  obtained  that  the  spectral  and  other  character¬ 
istics  of  these  intermediate  fractions  are  in  harmony,  both  qualitatively  and 
quantitatively,  with  the  assumption  that  they  are  mixtures  of  the  two  pure 
compounds  in  varying  proportions.  Without  such  confirmation,  there  is 
always  the  possibility  that  the  intermediate  fractions  contain  another  earth, 
rare  in  comparison  with  those  that  have  been  isolated. 

Separation  of  Cerium  from  the  Other  Eare  Earth  Elements. 

The  comparative  ease  with  which  cerium  may  be  separated  by  chemical 
means  from  the  other  rare  earth  elements  is  due  to  the  fact  that  cerium, 
unlike  the  others,  forms  two  definite  series  of  salts,  one  derived  from  a 
strongly  basic  hydroxide,  Ce(OH)3,  the  other  from  a  feebly  basic  hydroxide, 
Ce(OH)^.  The  latter  hydroxide  resembles  thorium  hydroxide,  ThiOH)^,  in 
strength.  Accordingly,  when  cerium  is  separated  from  the  rare  earths 
by  any  of  the  usual  procedures,  the  thorium,  unless  previously  removed, 
accompanies  it. 

A  mixture  of  rare  earths  containing  not  more  than  50  per  cent,  of  ceria 
dissolves  completely  in  hydrochloric  or  nitric  acid;  in  the  latter  case  the 
cerium  passes  into  solution  almost  entirely  as  ceric  nitrate.  If,  however,  a 
mixture  of  rare  earths  contains  more  than  60  per  cent,  of  ceria,  it  cannot 
be  completely  dissolved  in  either  hydrochloric  or  nitric  acid ;  but  it  can  be 
completely  converted  into  a  mixture  of  sulphates  by  heating  with  excess  of 
concentrated  acid.  In  this  manner  the  ceria  is  converted  into  ceric  sulphate, 
insoluble  in  the  excess  of  sulphuric  acid,  and  if  the  mixed  sulphates  are  dis¬ 
solved  in  cold  dilute  nitric  acid  and  boiled  with  excess  of  alkali  hydroxide,  the 
precipitated  hydroxides  contain  the  cerium,  mainly  as  ceric  hydroxide.  This 
precipitate  dissolves  readily  in  nitric  acid,  forming  ceric  nitrate,  etc. 

A  rare  earth  mixture  containing  more  than  50  per  cent,  of  ceria  can  be 
dissolved  by  heating  it  with  nitric  acid  if  hydrogen  peroxide  is  added  from 
time  to  time.^  The  ceria  then  passes  into  solution  as  cerous  nitrate.  The 
mixture  may  also  be  dissolved  in  concentrated  hydrochloric  acid  if  ammonium 
or  potassium  iodide  is  also  added.  Iodine  is  liberated  and  the  cerium  is 
transformed  into  cerous  chloride.®  Ceric  chloride  is  not  known. 

Natural  mixtures  of  rare  earths  rich  in  ceria,  e.g.  those  extracted  from 
monazite  and  cerite,  do  not  as  a  rule  contain  more  than  50  per  cent,  of  ceria. 

(i.)  The  Basic  Nitrate-Sulphate  Method.®  — This  method  is  based 
upon  the  fact  that  ceric  nitrate  and  sulphate  readily  hydrolyse  in  aqueous 


1  'Wyrouboff  and  Verneuil,  lot.  cit.  ^  Bunsen,  Annal&n,  1858,  105,  40,  45. 

*  Brauner,  Trans.  Ghem.  Soc.,  1885,  47,  879  ;  Monatsh.,  1885,  6,  785  ;  Zeitseh.  anorg. 
Ohem.,  1903,  34,  207  :  Brauner  and  BatSk,  {bid.,  1903,  34,  103  ;  Wyrouboff  and  Verneuil, 
Bull.  Soc.  chim.,  1897,  [iii.,],  17,  679  ;  1898,  [hi.],  19,  219;  Compt.  rend..  1897,  124, 
1230  ;  125,  950  ;  1899,  128,  1331  ;  Ann.  Chim.  Phy.-<.,  1906,  [viii.],  9,  333  ;  Sterba,  ibid., 
1904,  [viii],  2, 193  ;  R.  J.  Meyer,  Zeitseh.  anorg.  Chevi.,  1903,  37,  378.  Cf.  the  following 
early  memoirs:  Hermann.  J.  praM.  Chevi.,  1843,  30,  184;  Marignac,  Anm.  Chim.  Phys., 
1849,  [iii],  27,  212  ;  Bunsen,  Annalen,  1858,  105,  40,  45  ;  Pogg.  Annalen.  1875,  155,  230, 
366;  Holzmann,  J.  prakt.  Chem.,  1858,  75,  321;  Jahresber.,  1862,  p.  136;  Czudnowicz, 
ibid.,  1860,  80,  16  ;  W.  Gibbs,  Amer.  J.  Sci.,  1864,  [ii.],  37,  352  ;  Erk,  Zeitseh.  fur  Chevi., 
1870,  [ii],  7,  100  ;  Jahresber.,  1870,  p.  319. 
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solution,  producing  precipitates  of  basic  salts  that  may  be  readily  filtered 
and  washed.  The  necessary  procedure  is  here  described  on  the  assump¬ 
tion  that  the  mixed  earths  contain  less  than  50  per  cent,  of  ceria ;  the 
details  are  essentially  those  of  Wyrouboff  and  Verneuil,  as  modified  slightly 
by  Sterba. 

The  rare  earth  elements  are  precipitated  as  oxalates,  and  the  latter 
washed,  dried,  and  calcined  to  oxides.  The  mixed  oxides  are  added  gradually 
to  four  times  their  weight  of  cold,  concentrated  nitric  acid,  the  mixture  being 
warmed  towards  the  end  of  the  operation  to  50°  or  60°.  The  dark  red 
solution  is  allowed  to  stand  for  twenty-four  hours,  and  then  decanted  from 
any  slight  insoluble  residue.  The  solution  is  evaporated  on  the  water-bath 
until  it  is  of  the  consistency  of  a  thick  syrup  and  solidifies  completely  when 
cooled.  The  syrup  is  dissolved  in  a  quantity  of  water  equal  to  thirty  ^  times 
the  weight  of  the  oxides  used,  1  gram  of  ammonium  sulphate  added  for 
every  litre  of  solution,  the  liquid  heated  to  the  boiling-point  and  boiled  for 
about  fifteen  minutes.  A  pale  yellow  precipitate  with  a  faint  greenish  tint 
is  thus  obtained ;  it  consists  of  basic  ceric  nitrate  and  sulphate.  The 
precipitate  is  filtered  off  and  thoroughly  washed  with  a  solution  containing 
50  grams  of  ammonium  nitrate  and  10  grams  of  ammonium  sulphate 
per  litre  of  water ;  hot  water  will  serve,  but  the  preceding  solution  is  better. 
Provided  the  initial  evaporation  of  the  nitric  acid  solution  was  continued 
to  the  right  point,  the  precipitate  contains  practically  all  the  cerium  that 
was  present  in  the  liquid  as  ceric  nitrate.  A  little  ceric  nitrate  and  some 
cerous  nitrate,  however,  still  remain  in  the  filtrate. 

WyroubofF  and  Verneuil  give  two  methods  for  eliminating  the  remainder 
of  the  cerium  from  the  filtrate,  (a)  The  liquid  is  vigorously  stirred  and  a 
mixture  of  ammonia  and  pure  hydrogen  peroxide  is  slowly  added.  The 
cerium  is  thus  precipitated  as  peroxide,  accompanied  by  more  or  less  of  the 
other  earths.  When  the  filtered  liquid  only  gives  a  bluish-white  precipitate, 
the  addition  of  ammonia  and  peroxide  is  stopped.  The  precipitate  is  washed, 
dissolved  in  nitric  acid,  and  precipitated  by  oxalic  acid.  The  oxalates  are 
ignited  to  oxides,  and  the  procedure  already  described  in  the  preceding 
paragraph  is  followed  with  the  oxides.  There  is  thus  obtained,  by  these  two 
treatments,  (a)  99  per  cent,  of  the  cerium  in  a  nearly  pure  state,  (fj)  about 
90  per  cent,  of  the  other  earths  free  from  cerium,  and  (y)  a  small  fraction 
consisting  of  other  earths  contaminated  with  a  trace  of  cerium,  (b)  An  excess 
of  sodium  acetate  is  added  and  the  liquid  boiled,  while  ammonium  persulphate 
is  added  little  by  little.  In  this  manner  all  the  cerium  may  be  precipitated 
as  basic  ceric  sulphate,  and  there  is  thus  obtained  three  fractions :  (a)  the 
original  precipitate  containing  85  to  90  per  cent,  of  the  cerium  in  a  nearly 
pure  state ;  0)  about  99  per  cent,  of  the  other  earths  quite  free  from  cerium  ; 
and  (y)  about  10  to  15  per  cent,  of  the  cerium  (from  the  persulphate  pre¬ 
cipitate)  containing  a  few  per  cent,  of  foreign  earths.  The  fraction  (y)  may 
be  dissolved  in  nitric  acid,  evaporated  to  a  syrup,  diluted  with  water,  and 
boiled,  when  the  cerium  it  contains  is  precipitated  almost  completely  and 
practically  free  from  other  substances. 

The  great  advantages  of  the  basic  nitrate-sulphate  method  are  that  in  one 
operation  it  separates  about  three-fourths  of  the  total  cerium'  in  an  almost 
pure  state,  and  the  precipitate  may  be  purified  in  the  same  manner  as  that 
by  which  it  was  produced  (p.  337). 


1  When  operating  on  large  quantities  of  material,  this  may  be  reduced  to  ten. 
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When  the  initial  mixture  is  such  that  the  cerium  is  most  conveniently 
brought  into  solution  as  a  cerous  salt,  a  mixture  of  the  nitrates  is  prepared. 
The  following  procedures  are  then  available  ; — - 

(а)  The  concentrated  solution  of  the  nitrates,  slightly  acidified  with  nitric 
acid,  is  electrolysed  in  a  large  platinum  dish  which  serves  as  the  anode.  The 
current  density  should  be  0‘6-0'7  amperes  per  sq.  dcm.  of  anode  surface. 
About  70-80  per  cent,  of  the  cerium  may  be  thus  converted  into  ceric 
nitrate.  The  solution  is  treated  with  dilute  ammonia  until  a  permanent 
turbidity  is  first  produced,  when  the  procedure  already  outlined  may  be 
followed.^ 

(б)  The  nitrates  are  converted  into  double  ammonium  nitrates  and  the 
latter  dissolved  in  water  (2  litres  per  100  grams  of  double  nitrates).  The 
solution  is  boiled,  stirred  with  steam,  and  a  solution  of  magnesium  acetate  and 
hydrogen  peroxide  added  drop  by  drop  (50  grams  magnesium  acetate  dissolved 
in  500  c.c.  of  2 -5  per  cent,  peroxide  per  100  grams  of  double  nitrates),  until 
a  filtered  sample  no  longer  gives  the  orange-yellow  cerium  precipitate.  The 
precipitate  contains  all  the  cerium  (as  basic  perceric  acetate),  but  is  con¬ 
taminated  with  about  4  per  cent,  of  other  earths.  It  is  filtered  off  and 
washed  with  boiling  water.^ 

The  precipitate  is  dried  at  120°  in  order  to  convert  it  into  basic  ceric 
acetate.  It  is  then  dissolved  in  excess  of  concentrated  nitric  acid  and  the 
solution  evaporated  on  the  steam  bath  till  the  free  acid  is  almost  entirely 
expelled  and  the  residue  has  the  consistency  of  a  very  thick  syrup.  The 
cerium  is  then  precipitated  as  basic  ceric  nitrate-sulphate  by  the  method 
already  described. 

There  are  thus  obtained  three  fractions :  (a)  nearly  pure  basic  ceric 
nitrate-sulphate,  containing  the  greater  part  of  the  cerium ;  (fi)  the  filtrate 
from  (a)  containing  part  of  the  cerium  and  a  little  lanthanum,  etc.;  and  (y) 
the  filtrate  from  the  basic  perceric  acetate,  free  from  cerium,  and  containing 
the  greater  part  of  the  lanthanum,  etc. 

(c)  Wyrouboff  and  Verneuil’s  procedure  {b)  above,  using  ammonium  per¬ 
sulphate  and  sodium  acetate,  may  be  employed.  Witt  and  Thiel  ^  replace  the 
sodium  acetate  by  precipitated  calcium  carbonate. 

(ii.)  The  Bromate  Method.^ — Potassium  bromate  may  be  used  to 
oxidise  cerous  to  ceric  salts,  and,  provided  that  the  solution  is  kept  almost 
neutral,  the  ceric  salt  hydrolyses  and  basic  ceric  salt  is  precipitated. 

As  the  starting  material,  a  nearly  neutral,  concentrated  solution  of  the 
nitrates  is  required.  The  solution  is  heated  to  boiling,  and  potassium  bromate 
added.  As  soon  as  red  fumes  of  bromine  make  their  appearance,  two  or  three 
lumps  of  marble  are  added  and  the  liquid  boiled  for  one  or  two  hours.  As 
soon  as  the  peroxide  test  (p.  367)  on  a  sample  of  the  filtered  liquid  indicates 
that  very  little  cerium  is  left  in  solution,  the  boiling  is  discontinued, 
the  marble  removed,  and  the  precipitate  allowed  to  settle.  The  liquid  is 
syphoned  off  and  the  precipitate  washed  with  5  per  cent,  ammonium  nitrate 
solution.  The  precipitate  thus  obtained  from  a  concentrated  solution  is  dense, 
settles  readily,  washes  easily,  and  contains  very  little  impurity.  It  consists 


^  Sterba,  loc.  cit. 

^  R.  J.  Meyer  and  Koss,  £er.,  1902,  35,  672  ;  cf.  Popp,  Annalen,  1864,  131,  359  ;  Erk, 
Zeitsch.fiir  Ghem.,  1870,  [ii.],  7,  100.  According  to  Wyrouboff  and  Verneuil,  magnesium 
acetate  offers  no  advantages  over  sodium  acetate, 

®  Witt  and  Thiel,  Ber.,  1900,  33,  1316, 

^  James  and  Pratt,  J.  Avier,  Ghem.  Soc.,  1911,  33,  1326. 
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mainly  of  basic  ceric  nitrate  when  only  a  slight  excess  of  bromate  is  employed, 
and  mainly  of  basic  ceric  bromate  when  excess  of  bromate  is  used. 

The  filtrate  is  boiled  with  a  little  more  potassium  bromate  and  marble 
until  the  liquid  is  quite  free  from  cerium.  The  precipitate  thus  obtained 
contains  a  little  of  the  other  rare  earths,  and  is  dissolved  in  nitric  acid  and 
added  to  the  next  lot  of  starting  material.  The  filtrate  contains  the  other 
rare  earths,  free  from  cerium. 

(iii.)  The  Permanganate  Method.^ — When  potassium  permanganate 
is  added  to  a  hot,  neutral  solution  of  cerous  nitrate,  it  is  immediately  bleached, 
and  a  brown  precipitate  appears,  consisting  of  a  mixture  of  ceric  hydroxide 
and  hydrated  manganese  dioxide.  After  a  certain  quantity  of  permanganate 
has  been  added,  the  colour  is  no  longer  discharged.  The  solution  is  then 
found  to  give  an  acid  reaction  with  litmus  and  to  contain  cerium  in  solution. 
The  addition  of  a  little  alkali  leads  to  the  bleaching  of  the  permanganate  and 
the  precipitation  of  more  cerium,  and  if  the  liquid  be  kept  neutral  by  the 
addition  of  alkali,  the  permanganate  colour  only  ceases  to  be  bleached  when 
all  the  cerium  is  precipitated.  In  putting  this  method  for  the  precipitation 
of  cerium  into  practice,  zinc  oxide,  magnesia,  calcium  carbonate,  and  sodium 
carbonate  have  all  been  used  as  neutralising  agents.  Of  these,  the  last  is 
probably  the  best  to  employ  : — 

3Ce(N03)3  +  KMnO^  +  4Na2C03  +  8H2O 

=  3Ce(OH)4  +  Mn02.2H20  +  8NaN03  +  KNOg  +  4CO2. 

In  order  to  use  this  method  for  the  separation  of  cerium  from  the  rare 
earths,  a  neutral  solution  of  the  rare  earth  nitrates  should  be  prepared, 
containing  the  cerium  as  cerous  nitrate.  The  solution  is  heated  to  boiling, 
and  potassium  permanganate  solution  added  in  small  quantities  at  a  time 
until  the  red  colour  just  begins  to  be  permanent.  At  this  point  the 
precipitant  is  changed  for  a  solution  of  permanganate  to  which  has  been 
added  sodium  carbonate  in  the  exact  ratio  KMnO^  :  INagCOg.  This  solution 
is  added  very  slowly  to  the  nearly  boiling  nitrate  solution.  A  faint  colour 
of  permanganate  should  be  maintained  all  the  time,  a  little  pure  perman¬ 
ganate  being  added  if  at  any  time  the  colour  is  bleached.  When  the  cerium 
is  nearly  all  precipitated,  the  colour  disappears  more  slowly  after  each 
addition  of  precipitant,  and  the  effervescence  is  less  noticeable.  The  acidity 
of  the  solution  is  then  tested  from  time  to  time  with  litmus  paper,  and  small 
amounts  of  the  permanganate-carbonate  mixture  or  pure  carbonate  are  added 
until  the  solution  is  nearly  neutral  to  litmus  and  still  pink  with  permanganate. 
The  whole  is  heated,  stirred  for  ten  minutes  and  filtered  hot,  the  precipitate 
being  washed  thoroughly  with  boiling  water.  The  precipitate  is  practically 
free  from  other  rare  earths,  but  it  should  be  dissolved  in  hot  concentrated 
hydrochloric  acid,  diluted  and  precipitated  with  oxalic  acid,  the  cerium 
oxalate  converted  into  cerous  nitrate,  and  the  entire  process  repeated.  The 
cerium  is  then  free  from  other  rare  earths,  b*it  must  be  separated  from 
manganese.^ 

1  Winkler,  J.  praM.  Chem.,  1865,  95,  410  ;  Stolba,  Jahresler.,  1878,  p.  1059  ;  Drossbach, 
Ber.,  1896,  29,  2452  ;  D.Ii.P.,  143,106  (1903) ;  Muthmanu  and  Rblig,  Ber.,  1898,  31',  1718  ; 
Muthmann  and  Weiss,  Annalen,  1904,  331,  1;  Bbbni,  Zeitsch.  angew.  Chem.,  1903,  16, 
1129;  R.  J.  Meyer,  Zeitsch  anorg.  Chem.,  1903,  37,  378;  R.  J.  Meyer  and  Schweitzer, 
Zeitsch.  wnorg.  Chem.,  1907,  54,  104;  Esposito,  Proc.  Chem.  Soc.,  1907,  23,  64;  James, 
J.  Amer.  Chem.  Soc.,  1908,  30,  982  ;  Roberts,  Amer.  J.  Sci.,  1911,  [iv.],  31,  350  ;  Chem, 
News,  1911,  103,  303. 

^  The  procedure  here  described  is  due  to  Roberts  {loc,  cit. ). 
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The  filtrate  from  the  cerium  precipitate  contains  a  trace  of  cerium  unless 
it  has  been  made  quite  neutral.  This  trace  may  be  removed,  together  with  a 
little  of  the  other  earths,  by  heating  with  a  little  permanganate-carbonate 
solution  containing  more  than  four  molecular  proportions  of  carbonate  per 
molecule  of  permanganate. 

(iv.)  Mosander’s  Chlorine  Method.^ — In  this  process  the  mixed 
chlorides  are  precipitated  as  hydroxides,  the  latter  suspended  in  excess  of 
sodium  hydroxide,  and  a  stream  of  chlorine  passed  into  the  cold  suspension 
until  the  liquid  is  saturated.  Cerium  is  left  as  insoluble  ceric  hydroxide  ;  the 
other  rare  earths  pass  into  solution  as  chlorides,  the  solution  of  the  lanthana 
being  effected  much  more  rapidly  than  that  of  the  “didymia.”^  The  pre¬ 
cipitate  is  thoroughly  washed,  dissolved  in  hydrochloric  acid,  and  the  process 
repeated.  Six  or  seven  repetitions  of  the  alkali  and  chlorine  treatment  are 
required,  so  that  the  process  is  very  tedious,  and,  unless  the  liquid  is  boiled 
for  some  minutes  at  the  end  of  each  chlorine  treatment,  a  little  cerium  is 
found  in  the  solution.  Instead  of  chlorine,  excess  of  bromine  may  be  added 
and  the  whole  heated  until  the  excess  has  been  removed  (Browning  and 
Roberts). 

Owing  to  the  difficulty  of  removing  tbe  last  traces  of  impurities  from  the 
cerium  by  this  method,  it  is  advisable  to  use  it  for  the  isolation  of  nearly  pure 
ceric  hydroxide  and  continue  the  purification  by  other  methods,  e.g.  (i.)  or  (v.). 

(v.)  The  Ceric  Ammonium  Nitrate  Method.^ — Ceric  nitrate  forms 
with  ammonium  nitrate  an  orange-yellow  beautifully  crystalline  double  salt, 
Ce(N03)^.2(NH^)N03,  which  is  only  sparingly  soluble  in  nitric  acid.  It  is  of 
a  different  type  from,  and  is  not  isomorphous  with,  the  double  ammonium 
nitrates  of  the  other  rare  earth  elements.  Owing  to  the  nature  of  this  salt, 
it  is  easy  to  remove  the  bulk  of  the  cerium  from  a  mixture  of  crude  cerium 
earths  as  ceric  ammonium  nitrate,  and  to  continue  the  purification  of  the 
cerium  salt  thus  obtained.  The  following  procedure  is  perhaps  the  most 
convenient  for  commencing  to  work  up  large  quantities  of  crude  cerium 
earths  in  the  laboratory,  since  it  allows  the  greater  part  of  the  cerium  to  be 
separated  rapidly  in  a  small  volume  of  solution. 

The  mixed  oxalates  are  calcined  and  the  oxides  obtained  dissolved  in  two 
or  three  times  their  weight  of  concentrated  nitric  acid.  Assuming  that  ceria 
constitutes  one-half  of  the  oxides,  the  requisite  amount  of  ammonium 
nitrate  to  form  ceric  ammonium  nitrate  is  added.  The  finely-divided 
ammonium  salt  may  be  stirred  into  a  hot  solution  of  the  nitrates  or  added  in 
the  form  of  a  concentrated  aqueous  solution.  On  cooling,  the  bulk  of  the 

1  Mosander,  Fhil.  Mag.,  1843,  [iii.],  23,  241  ;  Ann,  Chim.  Phys.,  1844.  [ii.],  ii,  464  ; 
Poqg,  Annalen,  1843,  60,  297  ;  Watts,  Quart.  J.  Chem.  Soe.,  1850,  2,  140  ;  Jolin,  Bull.  Soc. 
chim.,  1874,  [ii.],  21,  533  ;  Hartley,  Trans.  Chem.  Soc.,  1882,  41,  202  ;  Dennis  and  Magee, 
J.  Amer.  Chem.  Soc.,  1894,  16,  649;  Mengel,  Zeitsch.  anorg.  Chem.,  1899,  19,  67  ;  Pollok 
and  Leonard,  Sei.  Proe.  Roy.  Duhl.  Soc.,  1908,  il,  257  ;  Hauser  and  Wirth,  Zeitsch.  anal. 
Chem.,  19(i9,  48,  679  ;  Nei.sh,  J.  Amer.  Chem.  Soc.,  1909,  31,  517  ;  Browning  and  Roberts, 
Amer.  J.  Sci.,  1910,  [iv.],  29,  45  ;  cf.  Popp,  Annalen,  1864,  131,  359  ;  Erk,  Zeitsch.  Mr 
Chem.,  1870,  [ii.],  7,  100. 

^  See  Hauser  and  Wirth,  loc.  cit.  ;  Browning,  Compt.  rend.,  1914,  158,  1679;  Chem. 
News,  1914,  no,  49.  The  fact  that  the  hydroxide  of  lanthanum  passes  into  solution  more 
rapidly  than  the  hydroxide  of  ‘  ‘  didymium  ”  is  of  some  practical  interest. 

®  Auer  yon  Welsbach,  Monatsh.,  1884,  5,  508  ;  Sitzungsber.  K.  Akad,  Wiss.  Wien, 
1884,  90,  ii. ,  337  ;  Schottliinder,  Ber.,  1892,  25,  378;  see  also  Meyer  and  Marckwald, 
Ber.,  1900,  33,  3003  ;  Muthmann  and  Rolig,  Ber.,  1898,  31,  1718  ;  Job,  Ann.  Chim.  Phys., 
1900  ;  [vii.],  20,  205;  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1903,  37,  378  ;  Bohm,  Zeitsch. 
angew.  Chem.,  1902,  15,  372  ;  Drossbach,  Per.,  1900,  33,  8506. 
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cerium  crystallises  out  from  the  solution.  The  precipitated  salt  is  collected 
on  an  asbestos  filter  and  washed  with  concentrated  nitric  acid. 

The  crude  ceric  ammonium  nitrate  may  contain  some  five  per  cent,  of 
impurities.  It  is  divided  into  several  batches;  the  first  is  recrystallised  from 
hot  nitric  acid  (3  of  acid  to  2  of  water),  the  second  recrystallised  from  the 
mother  liquor  from  the  first,  and  so  on.  Several  crops  of  nearly  pure  ceric 
ammonium  nitrate  are  thus  obtained.^ 

(vi.)  Miscellaneous. — Several  other  methods  have  been  proposed  for 
separating  cerium  from  the  other  rare  earth  elements,  e.g.  precipitation  as 
ceric  valerianate,^  fractional  solution  of  the  oxides  in  dilute  nitric  acid^  or 
boiling  aqueous  ammonium  chloride,^  fusion  of  the  nitrates  with  excess  of 
potassium  nitrate  “  at  330-350°,  fractional  decomposition  of  the  chromates,® 
solubility  of  ceric  oxalate  in  ammonium  oxalate,^  etc.® 

The  Preparation  of  Pure  Ceria. — (i.)  From  Basic  Ceric  Nitrate- 
Sulphate. — The  washed  precipitate  is  dissolved  in  concentrated  nitric  acid, 
the  solution  evaporated  on  the  steam-bath  to  the  consistency  of  a  very  thick 
syrup,  cooled,  dissolved  in  cold  water,  and  the  liquid  boiled  for  10-15  minutes 
— that  is  to  say,  the  precipitate  is  purified  by  a  process  identical  with  that  by 
which  it  was  produced  (p.  333),  the  addition  of  ammonium  sulphate,  however, 
being  unnecessary.  According  to  Sterba,  four  precipitations  as  basic  nitrate- 
sulphate  are  sufficient  to  eliminate  the  last  traces  of  other  rare  earths  from 
ceria,  starting  with  the  crude  monazite  or  cerite  earths  from  which  thoria  has 
been  removed. 

The  preceding  method,  also  serves  for  the  elimination  of  the  impurities 
from  basic  ceric  sulphate  obtained  by  the  persulphate  method.  It  will, 
moreover,  answer  for  the  purification  of  ceria  obtained  by  the  permanganate 
method  (p.  335),  for  which  purpose  the  ceric  hydroxide  is  dissolved  out  of  the 
precipitate  by  strong  nitric  acid,  w'hich  leaves  the  hydrated  manganese 
dioxide  undissolved.  In  the  first  precipitation  of  the  basic  ceric  nitrate- 
sulphate,  however,  the  requisite  ammonium  sulphate  must  be  added. 

With  careful  working,  the  preceding  method  of  purification  gives  an 
excellent  yield  of  pure  product. 

(ii.)  From  Ceric  Ammonium  Nitrate. — The  salt  is  recrystallised  from 
nitric  acid  four  or  five  times.  The  method  already  outlined  is  a  very 
economical  one  for  the  purpose. 


1  The  combined  filtrates  may  be  treated  in  various  ways.  A  convenient  method  is  to 
evaporate  them  on  the  steam  bath  to  a  thick  syrup  and  precipitate  the  remaining  ceric  salt 
as  basic  ceric  nitrate-sulphate  (p.  332).  Little  cerium  then  remains  in  the  filtrate  ;  it  may 
be  removed  by  the  permanganate  method  (p.  335),  or  by  any  other  convenient  process  (see, 
e.g.,  Bohm,  Zeitsch.  angew.  Ohem,,  1902,  15,  372). 

^  Buonaparte,  Gompt.  rend.,  1843,  16,  1008. 

®  Mosander,  Phil.  Mag.,  1843,  [iii.],  23,  241  ;  Seheerer,  Pogq.  Annalen,  1842,  $6,  482  ; 
Marignac,  Ann.  Ghim.  Phys.,  1849,  [iii.],  27,  209  ;  Zschiesche,  J.  prakt.  Ghem.,  1869, 
107,  65;  Frerichs  and  Smith,  Annalen,  1878,  191,  331;  cf.  Gibbs,  Anier.  J.  Sci.,  1864, 


[ii.],  37,  352. 

*  Watts,  Q.  J.  Ghem.  Soc.,  1849,  2,  140 ;  Esposito,  Proa.  Ghem.  Soe.,  1906,  22,  20. 

®  Debray’s  Method :  Debray,  Gompt.  rend.,  1883,  96,  828,  Ghem.  News,  1883,  47,  199  ; 
Dennis  and  Magee,  J.  Amer.  Ghem.  Soe.,  1894,  16,  649  ;  Schiitzenberger,  Gompt.  rend., 
1895,  120,  663,  962;  Schiitzenberger  and  Boudouard,  Hid.,  1897,  124,  481;  Boudouard, 
ibid.,  1897,  125,  772,  1096  ;  Wyrouboff  and  Verneuil,  loe.  eit.  ;  Esposito,  Proc.  Ghem.  Soc., 
1906,  22,  20  ;  cf.  Czudnowicz,  J.  prakt.  Ghem.,  1860,  80,  16  ;  Gibbs,  loe.  cit. 

®  Pattison  and  Clarke,  Ghem.  News,  1867,  16,  259  ;  cf.  Esposito,  loc.  cit. 


1  Orloff,  Ghem.  ZeiL,  1906,  30,  733  ;  1907,  31,  562. 

®  Koppel,  Zeitsch.  anorg.  Ghem.,  1898,  18,  305  ;  Drossbach,  B'er.,  1900,  33,  3506  ; 
Chavastelon,  Gompt.  rend,,  1900,  130,  781, 
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aluminium  and  its  congeners. 


This  method  is  also  an  excellent  one  for  preparing  pure  ceria,  and  may 
obviously  be  applied  to  the  purification  of  the  precipitates  obtained  by 
Mosander’s  and  the  permanganate  method. 

(iii.)  From  Basic  Ceric  Nitrate-br ornate. — The  precipitate  is  dissolved  in 
concentrated  nitric  acid  by  the  aid  of  a  very  little  alcohol,  the  solution  diluted 
with  water  and  boiled  after  the  introduction  of  some  lump  marble.  The 
precipitate  is  washed  wfith  ammonium  nitrate,  converted  into  anhydrous 
cerous  sulphate,  and  the  latter  dissolved  in  ice-cold  water.  Hydrated  cerous 
sulphate  is  then  crystallised  out  by  warming  the  solution  to  30°-40°. 
Traces  of  other  rare  earth  sulphates  may  readily  be  eliminated  in  this  manner, 
since  cerous  sulphate  is  not  isomorphous  with  them. 

Traces  of  thorium  may  be  eliminated  by  the  recrystallisation  of  cerous 
sulphate,  but  where  a  solution  of  ceric  nitrate  or  ceric  ammonium  nitrate  is 
available,  it  is  preferable  to  reduce  with  hydrogen  peroxide  to  the  cerous  state 
and  eliminate  the  thorium  with  hydrogen  peroxide  from  a  hot,  neutral  (or 
feebly  acid)  solution  (p.  320). 

A  cerous  salt  in  concentrated  aqueous  solution  should  show  no  trace  of 
the  absorption  spectrum  of  “didymium”  when  examined  through  a  very 
thick  layer  (10-20  cms.),  and  the  residual  oxide  obtained  by  the  ignition  of 
the  oxalate,  nitrate,  double  nitrate,  or  siilphate  (at  a  white  heat),  should  have 
a  pale  yellow  colour  when  cold,  entirely  free  from  any  suggestion  of  a  salmon, 
red  or  brown  tint.^ 

Preliminary  Separation  of  the  Rare  Earth  Elements  into  Groups. 

In  commencing  the  fractionation  of  the  rare  earths  obtained  from  a 
mineral,  the  procedure  employed  depends  upon  the  relative  amounts  of  the 
rare  earths  present.  Two  cases  present  themselves — (i.)  the  cerium  group  is 
present  to  a  much  greater  extent  than  the  yttrium  group,  and  (ii.)  vice  versa. 
In  the  first  case  the  predominating  element  is  cerium ;  in  the  second  it  is 
yttrium.  The  terbium  group  never  seems  to  predominate. 

Potassium  sulphate  is  the  classic  reagent  for  effecting  a  separation  of 
the  cerium  and  yttrium  groups.^  The  double  sulphates  of  potassium  and  the 
rare  earth  elements  may  be  classified  according  to  their  solubility  in  a  cold 
saturated  solution  of  potassium  sulphate  as  follows  ; — 

(a)  Those  practically  insoluble  (La,  Ce,  Pr,  Nd). 

{b)  Those  sparingly  soluble  (Sm,  Eu,  Gd,  Tb). 

(c)  Those  more  readily  soluble  in  that  solution  than  in  pure  water 
(Dy,  Y,  Er,  Tm,  Yb,  Lu,  Ct). 

It  might  therefore  be  anticipated  that  a  sharp  separation  of  the  cerium 
and  yttrium  groups  could  be  effected  by  shaking  a  cold  solution  of  the 
sulphates  with  potassium  sulphate  in  excess ;  and  that  the  bulk  of  the 
terbium  group  would  accompany  the  cerium  group.  Such,  however,  is  not 
the  case.  The  precipitated  double  sulphates  are  found  to  be  contaminated 
with  a  certain  quantity  of  the  yttrium  group.  Further,  the  filtrate  is  found 


On  the  preparation  of  pure  ceria,  see  especially  Sterba,  Ann.  Chim.  Phys.,  1904,  [viiL] 
2,  193;  Wyrouboff  and  Verneuil,  ibid.,  1906  [viii.],  9,  333;  Drossbach, 1900,  33, 
3506  ;  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1903,  37,  378  ;  Brainier  and  Bat5k,  ibid.,  1903, 
34,  103  ;  Brauner,  tm,  1903,  34,  207  ;  Neish,  J.  Amer.  Chem.  Soc.,  1909,  31,  517. 

.,4?tn.  Chim.,  1803,  [i.],  49,  256  ;  Berzelius  and  Hisinger,  ibid.,  1803,  fi-l, 
®  ’  Berzelius  and  Gahn,  SchweiggePs  J.,  1814,  16,  250,  404  ;  Berlin,  Pvgg.  Annalen, 
1834,  43,  105 ;  Mosander,  PM.  Mag.,  1843,  [iii.],  25,  241. 
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to  retain  a  considerable  portion  of  the  terbium  and  appreciable  quantities  of 
the  cerium  group,  particularly  neodymium  ^  and  samarium  salts ;  for  the 
double  sulphates  of  the  latter  elements  are  appreciably  soluble  in  the  presence 
of  much  yttrium  sulphate,  and,  in  addition  to  the  solubilities  of  the  double 
sulphates  of  the  terbium  group  being  augmented,  these  double  salts  are  only 
slowly  formed. 

The  double  sulphate  separation,  then,  can  only  be  regarded  as  a  process 
of  fractionation,  It  may  conveniently  be  carried  out  by  adding  finely-divided 
potassium  sulphate  continuously  to  a  cold  dilute  solution  of  the  nitrates, 
chlorides,  or  sulphates  contained  in  a  tall  vessel  and  vigorously  stirred  by  a 
water-turbine ;  ^  or  a  hot  saturated  solution  of  potassium  sulphate  may  be 
stirred  into  a  cold  solution  of  the  rare  earth  salts.®  The  whole  is  allowed  to 
stand,  with  occasional  shaking,  until  the  presence  of  “  didymium  ”  in  the 
liquid  (as  indicated  by  its  absorption-spectrum)  can  scarcely  be  detected. 
The^  precipitate  is  then  filtered  oft' and  washed  with  a  cold  saturated  solution 
of  potassium  sulphate.  The  earths  in  the  filtrate  are  then  precipitated  either 
as  hydroxides  or  oxalates. 

Instead  of  using  potassium  sulphate,  the  more  soluble  sodium  sulphate 
has  been  used,  and,  indeed,  is  said  to  be  preferable.^  The  finely-powdered  solid 
is  stirred  into  a  ten  per  cent,  solution  of  the  rare  earth  chlorides,  nitrates,  or 
sulphates.  Care  must  be  taken,  however,  not  to  add  an  unduly  large  excess 
of  sodium  sulphate  owing  to  the  possibility  of  thereby  precipitating  yttrium 
as  the  double  sulphate.® 

The  preceding  method  is  not  very  satisfactory  when  the  cerium  group 
predominates  very  largely  over  the  yttrium  group,  e.g.  with  the  monazite 
earths,  and  one  of  the  following  alternative  processes  may  be  adopted ; 
(a)  The  potassium  sulphate  method  is  used,  but  the  precipitant  is  added 
slowly,  and  in  quantity  insufficient  to  precipitate  all  the  cerium  group.  By 
leaving  a  considerable  amount  of  the  neodymium  in  the  solution,  practically 
none  of  the  metals  of  the  terbium  and  yttrium  groups  are  precipitated.  The 
earths  in  the  filtrate  are  precipitated  as  oxalates,  converted  into  double 
magnesium  nitrates,  and  fractionated  from  dilute  nitric  acid  until  the  final 
mother  liquor  refuses  to  crystallise.  The  crystals  contain  the  cerium  group 
up  to  neodymium ;  the  mother  liquor  contains  samarium  and  the  terbium 
and  yttrium  groups.  The  further  treatment  of  this  liquor  may  be  carried 
out  according  to  the  procedure  described  later  for  working  up  the  final 
fractions  (S)  of  the  double  magnesium  nitrates  (see  p.  349).®  (6)  The  entire 

material  may  be  fractionated  by  the  double  magnesium  nitrate  method,  the 
terbium  and  yttrium  groups  rapidly  concentrating  in  the  most  soluble 
fractions,  (c)  A  solution  of  the  sulphates  is  prepared,  a  considerable  excess 
of  sulphuric  acid  added,  and  the  liquid  warmed  slightly.  The  bulk  of 
the  cerium  group  is  thus  precipitated  as  sulphates.  The  filtrate  is  partly 


^  Boudouard,  Gompt.  rend.,  1898,  126,  900;  Bioll.  Soc.  chim., .1898,  [iii.],  19,  382  ; 
Urbain,  £ulL  Soc.  chivi.,  1898,  [iii],  19,  381  ;  Anji.  Chim.  Phys.,  1900,  [vii.],  19,  251. 

^  Dennis  and  Chamot,  J.  Amer.  Chem.  Soc.,  1897,  19,  799. 

®  For  modifications  of  the  process,  see  Bettendorf,  Annalen,  1891,  263,  164  ;  Marignac, 
Ann.  Chim..  Phys.,  1880,  [v.],  20,  635  ;  Muthmann  and  Kolig,  Ber.,  1898,  31,  1718  ;  Leooq 
de  Boisbaudran,  Com-ft.  rend.,  1886,  102,  902,  1003. 

**  Gibbs,  Amer.  J.  Sci.,  1864,  [ii.],  37,  354  ;  Delafontaine,  Gompt.  rend.,  1881,  93,  63  ; 
Smith,  Amer.  Ghem.  J.,  1883,  Si  44,  73  ;  Drossbach,  Ber.,  1896,  29,  2452  ;  1900,  33,  3506  ; 
James,  J.  Amer.  Chem.  Soc.,  1908,  30,  979  ;  1912,  34,  757. 

®  See  p.  433  and  fig.  42. 

®  James,  J.  Amer.  Ghem.  Soc.,  1913,  35,  235. 
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neutralised  with  sodium  hydroxide.  The  remainder  of  the  cerium  and  part 
of  the  terbium  group  are  thereby  separated  as  “double  sulphates.^  {d)  The 
double  carbonate  method  given  later  (p.  342)  is  applied  in  order  to  precipitate 
the  bulk  of  the  cerium  group,  the  yttrium  and  terbium  groups  remaining 
in  solution.® 

When  the  yttrium  group  largely  predominates  in  a  mixture  of  rare  earths, 
as,  for  example,  in  the  earths  extracted  from  xenotime  or  gadolinite,  Urbain 
strongly  recommends  the  fractionation  of  the  ethylsulphates  as  being  the 
best  method  for  commencing  the  separation.®  The  ethylsulphates  should  be 
methodically  separated  into  twenty  fractions  and  then  submitted  to  sixty  series 
of  ci-ystallisations.  The  separation  does  not  occur  in  serial  order.  The 
neodymium  salt  separates  first.  The  lanthanum  salt,  the  most  soluble  in  the 
cerium  group,  is  approximately  equal  in  solubility  to  the  gadolinium  salt. 
From  gadolinium  onwards  the  serial  order  holds  good.  Accordingly,  after 
the  fractionation  has  been  carried  to  the  degree  just  mentioned,  the  head 
fractions  are  examined  for  lanthanum,^  and  all  fractions  containing  that 
element  are  removed.  They  contain  the  cerium  group,  europium,  gadolinium, 
and  terbium,  and  their  subsequent  fractionation  is  commenced  by  the  double 
magnesium  nitrate  method.  The  remaining  fractions  consist  essentially 
of  yttrium  ethylsulphate,  the  least  soluble  containing  in  addition  terbium, 
dysprosium,  and  holmiuni,  and  the  most  soluble  erbium,  thulium,  ytterbium, 
and  lutecium. 

According  to  Urbain,  the  preceding  method  of  fractionation  also  constitutes 
the  best  as  yet  available  for  effecting  the  separation  of  the  terhimn  and  yttrium 
groups.  For  this  purpose  the  ethylsulphate  fractions  remaining  after  the 
removal  of  those  containing  lanthanum  are  submitted,  to  further  series  of 
fractionations.  The  more  soluble  fractions  may  be  set  aside  as  soon  as  the 
rare  earths  extracted  from  them  exhibit  a  pure  white  or  pale  pink  tint  entirely 
free  from  any  trace  of  an  orange  tint.  In  this  manner  the  yttrium  group 
may  be  completely  freed  from  the  terbium  group.®  An  excellent  alternative 
is  the  fractional  crystallisation  of  the  bromates  (see  pp.  348,  351,  355-6). 

There  are  two  methods,  resembling  one  another  closely,  whereby  a  reason¬ 
ably  sharp  separation  of  lanthanum,  cerium,  praseodymium,  and  neodymium 
from  samarium,  europium,  gadolinium,  etc.,  can  be  quickly  effected.  The  first 
consists  in  fractionally  crystallising  the  double  magnesium  nitrates  of 
the  type  2M(N03)3.3Mg(N03)2.24H20  from  nitric  acid  of  density  1‘3,  and 


1  Drossbach,  Ber,,  1896,  29,  2452  ;  Chem,  News,  1896,  74,  274. 

®  Drossbach,  Ber,,  1900,  33,  3506. 

®  Urbain,  Compt.  rend,,  1898,  126,  835  ;  Bull,  Soc.  chi'm.,  1898,  [iii.],  19,  376  ;  An7i. 
Ohim.  Phys,,  1900,  [vii.],  19,  184  ;  1909,  [viii.],  18,  274  ;  J.  CMm.phys,,  1906,  4,  55. 

By  means  of  their  spark  spectra. 

®  The  preparation  of  the  ethylsulphates  is  described  elsewhere  (p.  278).  It  is  extremely 
important  that  the  solutions  should  be  free  from  acid.  In  fractionating,  the  solutions  should 
never  be  heated  any  more  than  is  necessary,  since  the  salts  are  liable  to  hydrolyse  to  a  con¬ 
siderable  extent — an  occurrence  which  may  be  recognised  by  solutions  originally  neutral 
becoming  acid.  The  small  amounts  of  sulphates  that  may  thus  be  produced  in  solution  are 
easily  reconverted  into  ethylsulphates  by  double  decomposition  with  barium  ethylsulphate. 
The  crystals  formed  in  one  fraction  are  dissolved  in  the  mother  liquor  from  the  preceding 
fraction  by  vigorous  shaking,  and  heat  is  only  applied  when  very  little  solid  remains 
undissolved.  The  crystals  deposited  in  any  operation  of  crystallisation  should  occupy 
about  one-third  the  total  volume  of  crystals  plus  liquid.  The  final  mother  liquors 
should  be  allowed  to  evaporate  spontaneously  in  a  shallow  vessel.  By  keeping  to  these 
conditions  it  is  never  necessary  to  raise  the  tempeiaturo  above  60°  (Urbain,  J.  Chim,  phys., 
1906,  4,  58). 
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is  known  as  Demargayh  Method’,^  the  second,  due  to  Lacombe,  consists  in 
fractionally  crystallising  the  double  manganese  nitrates  in  a  similar 
manner.2  These  double  salts  separate  in  serial  order,  and  it  will  be  seen 
from  an  inspection  of  the  table  of  solubilities  (p.  269)  that  in  passing  from 
neodymium  to  samarium  there  is  a  large  increase  in  solubility.  By  either  of 
the  preceding  methods  samarium,  europium,  etc.,  rapidly  concentrate  in  the 
most  soluble  fractions,  which  acquire  an  orange  colour  and  show  the  principal 
absorption  bands  of  samarium, 

The  methods  of  Demar^ay  and  Lacombe  may  be  regarded  as  methods  for 
separating  the  cerium  and  terbium  groups,  although  samarium,  which  is  always 
classed  with  cerium,  accompanies  the  terbium  group  of  elements ;  they  have 
other  uses,  however,  as  will  be  seen  later.'"* ** 


The  Separation  op  Lanthanum,  Praseodymium,  and  Neodymium. 

In  order  to  accomplish  this  separation,  recourse  must  be  had  to  methods 
of  fractional  crystallisation.  The  separation  of  praseodymia  from  neodymia 
by  methods  depending  on  differences  of  basicity  seems  to  be  almost  impossible 
to  effect. 

The  method  by  which  lanthanum  and  “didymium”  were  first  separated 
was  a  crystallisation  process,  utilising  the  sulphates  for  the  purpose,  but  the 
early  workers  never  carried  out  the  separation  in  a  sufficiently  prolonged  and 
systematic  manner  to  resolve  the  “  didymium  ”  into  its  components.  Subse¬ 
quently,  the  method  gave  place  to  a  basic  one,  namely,  fractional  precipitation 
with  ammonia,  and  thus  it  happened  that  the  separation  of  samarium  from 
“didymium”  preceded  by  some  six  years  the  discovery  of  praseodymium  and 
neodymium. 

A.  Separation  by  Fractional  Crystallisation. — The  following  salts 
have  been  utilised  for  the  purpose : — 

(i.)  Nitrates,”!  M(N03)3.5H20. 

(ii.)  Double  ammonium  nitrates,®  M(N03)3.2(NH4)N03.4H20. 

(iii.)  Double  sodium  nitrates,®  M(N03)3.2NaN03.a;H20. 

(iv.)  Double  magnesium  nitrates,'^  2M(N03)2.3Mg(N03)2.24H20. 

(v.)  Double  manganese  nitrates,®  2M(N0o)D.3Mn(N0..)2.24H20. 

(vi.)  Chlorides,®  MCI3.6  or  7H2O. 


*  Demar9ay,  Com/pt.  rend.,  1900,  130,  1019,  1185. 

Lacombe,  Bull.  Soe.  cMm.,  1901,  [iii],  31,  570  ;  Chem.  News,  1904,  89,  277. 

®  For  the  utility  of  the  dimethylphosphates,  see  J.  C.  Morgan  and  0.  James,  J.  Amer. 
Chem.  Soc.,  1914,  36,  10.  Fractional  precipitation  of  the  formates  and  lactates  in  acetone 
solution  has  been  suggested  by  Barnebey,  fitd,  1912,  34,  1174. 

^  Demar9ay, '  Compt.  rend.,  189^,  122,  728;  1900,  130,  1019;  Feit  and  Przibylla, 
Zeitsch.  anorg.  Gliem.,  1905,  43,  202;  Baxter  and  Chapin,  J.  Amer.  Chem.  Soc.,  1911, 
33-  b 

5  Mendel4eff,  J.  Buss.  Chem.  Soc.,  1873  ;  Annalen,  1873,  168,  45  ;  Auer  von  Welsbach, 
Monatsh.,  1885,  6,  477  ;  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1903,  112,  ii..  A,  1037  ;  von 
Scheele,  Ber.,  1899,  32,  409;  Dennis  and  Cljamot,  J.  Amer.  Chem.  Soc.,  1897,  19,  799; 
Baxter  and  Chapin,  ibid.,  1911,  33, .  1  ;  Baxter  and  Stewart,  ibid.,  1915,  37,  516;  Schott- 
liinder,  Ber.,  1892,  25,  378,  569. 

**  Auer  von  Welsbach,  loc.  eit.  ;  von  Scheele,  loc.  cit. 

Demar9ay,  Compt.  rend.,  1900,  130,  1019,  1185;  Drossbach,  Ber.,  1902,  35,  2826; 
Muthmann  and  Weiss,  Annalen,  1904,  331,  1  j  Feit  and  Przibylla,  Zeitsch.  anorg.  Chem., 
1905,  43,  202. 

«  Lacombe,  Bull.  Soe.  chim.,  1904,  [iii],  31,  570;  Chem.  Netos,  1904,  89,  277. 

®  Baskerville  and  Stevenson,  J.  Amer.  Chem.  Soc.,  1904,  26,  54. 
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(vii.)  Sulphates,^  M2(S04)3.a;H20. 

(viii.)  Ethylsulphates,^  M(C2H5.S04)3.9H20. 

(ix.)  Bromates,®  M(Bro3)g.9H20. 

(x.)  Oxalates,^  M2(C204)3.a:H20. 

(xi.)  Metanitrobenzenesulphonates,®  M[0gH4(N02)S03]3.6H20. 

(xii.)  Double  potassium  carbonates,®  K2C03.M2(C0g)3.12H20. 

(xiii.)  Picrates,'^  M[CgH2(N02)30]3. 

The  double  nitrates,  sulphates,  ethylsulphates,  bromates,  picrates,  and 
metanitrobenzenesulphonates  may  be  crystallised  from  water,  but  the  double 
ammonium,  sodium,  and  manganese  nitrates  are  best  crystallised  from 
strong  nitric  acid,  in  which  they  are  much  less  soluble  than  in  water.  The 
chlorides  are  crystallised  from  concentrated  hydrochloric  acid,  the  oxalates 
from  dilute  nitric  acid,  and  the  double  carbonates  from  aqueous  potassium 
carbonate. 

The  sulphates  must  be  dehydrated,  dissolved  in  ice-cold  water,  and 
crystallised  by  warming  the  solution  to  30°-40°.  The  double  carbonate 
method  is  carried  out  as  follows : — A  20  per  cent,  solution  of  the  chlorides 
is  poured  drop  by  drop  into  excess  of  50  per  cent,  potassium  carbonate, 
whereby  a  solution  of  the  double  carbonates  in  potassium  carbonate  is 
obtained.®  The  double  salts  are  fractionally  precipitated  by  successive 
additions  of  water ;  they  separate  slowly,  and  readily  form  supersaturated 
solutions.  The  oxalates  may  be  suspended  in  Avater,  the  latter  heated  to 
boiling,  and  nitric  acid  added  with  vigorous  shaking  until  complete  solution 
is  effected.  The  liquid  is  then  rapidly  cooled,  being  agitated  throughout  the 
process.  Another  method  is  to  acidify  strongly  a  solution  of  the  nitrates 
with  nitric  acid,  and  drop  oxalic  acid  solution  into  the  nearly  boiling  nitrate 
solution  until  the  precipitate  that  first  forms  no  longer  redissolves.  The 
liquid  is  then  cooled  as  before. 

The  order  of  separation  is  as  follows,  the  least  soluble  being  placed  first : — 

Double  nitrates  La,  (Ce),  Pr,  Nd ;  Metanitrobenzene¬ 
sulphonates  La,  (Ce),  Pr,  Nd. 

Ethylsulphates  Nd,  Pr,  La;  Oxalates  “Di,”  La. 

Bromates  Nd,  Pr,  La ;  Siilphates  La,  Nd,  Pr. 

Nitrates  Nd,  Pr,  (Ce),  La;  Double  carbonates  La,  Pr,  (Ce),  Nd. 


'  Muthmann  and  Rblig,  Ber.,  1898,  31,  1718  ;  c/.  Mosander,  Bhil.  Mag.,  1843,  [iii.],  23, 
241  ;  Ann.  Chim.  Phys.,  1844,  [iii.],  ii,  464  ;  Fogg.  Annalen,  1843,  60,  297;  Marignac 
Ann.  Chim.  Phys.,  1849,  [iii.],  27,  209;  1853,  [iii.],  38,  148;  Watts,  Q.  J.  Chem.  Soc.,  1850. 

2,  140;  Holzmann,  J.  prakt.  Chem.,  1858,  75,  321;  Czudnowicz,  ibid.,  1860,  80,  31; 
Bunsen,  Fogg.  Annalen,  1875,  155,  230,  366  ;  Hillebrand  and  Norton,  ibid.,  1875,  156, 
466  ;  Frerichs,  Ber.,  1874,  7,  798  ;  Frerichs  and  Smith,  Annalen,  1878,  191,  331. 

2  Urbain,  Compt.  rend.,  1898,  126,  835;  Bull.  Soc.  chim.,  1898,  [iii.],  ig,  376  ;  A7m 

P%s.,  1900,  [vii.],  19,  184. 

3  James,  J.  Amer.  Chem.  Soc.,  1908,  30,  182,  979  ;  1909,  31,  913  ;  1912,  34,"  757. 

*  Mosander,  loc.  cit.-,  Marignac,  loe.  cit.-,  Bunsen,  loc.  eit.\  Zschiesche,  J.  prakt.  Chem., 
1869,  107,  65;  Brauner,  Trans.  Chem.  Soc.,  1882,  41,  68  ;  1898,  73,  951  ;  Monatsh.,  1882 

3,  1  ;  Urbain,  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  226.  ’ 

®  Holmberg,  Zeiisch.  anorg.  Chem.,  1907,  53,  83;  Bihang  K.  Svenska  Vet.-Akad. 

Ha^idl.,  1902-3,  28,  ii..  No.  5  ;  Gamier.  Arch.  Sci.  phys.  nat.,  i915,  [vi.],  40,  93,  199. 

®  Hiller,  Inaugural  Dissertation  (Berlin,  1904);  R.  J.  Meyer,  Zeitivh.  anorg.  Chem., 
1904,  41,  97  ;  cf.  Drossbach,  Ber.,  1900,  33,  3506. 

’  Dennis  and  Rhodes,  J.  Amer.  Chem.  Soc.,  1915,  37,  807  ;  cf.  Dennis  and  Bennett, 
1912,  34,  7. 

®  One  hundred  grams  of  rare  earths  require  about  1250  grams  of  the  carbonate  solution. 
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B.  Other  Methods  of  Separation.  —  The  following  are  among  the 
more  important  of  these  processes  : — 

(i.)  Fractional  Precipitation  with  Ammonia,^  Sodium  Hydroxide^  or 
MagnesiaS — By  the  gradual  addition  of  magnesia  to  a  boiling  solution  of 
the  nitrates  until  the  filtrate  no  longer  exhibits  the  absorption  spectrum  of 
“didymium,”  a  solution  can  be  rapidly  obtained  containing  lanthanum  quite 
free  from  “didymium.”  The  yield,  however,  is  very  poor. 

(ii.)  Auer  von  Welsbach’s  Oxide  Alethod. — By  this  process  a  fairly  rapid 
separation  of  lanthanum  and  “didymium”  is  obtained.  It  is  founded  on  the 
fact  that  lanthana  is  a  stronger  base  than  “didyrnia.”  One  hundred  grms. 
of  mixed  oxides  are  dissolved  in  the  minimum  of  nitric  acid,  and  the  solution 
diluted  to  800  c.c. ;  another  100  grms.  of  oxide  are  stirred  up  with  100  o.c. 
of  water  and  poured  into  the  nitrate  solution.  Chemical  change  soon  com¬ 
mences  and  the  mass  becomes  warm  ;  it  is  then  heated  on  the  steam-bath, 
with  frequent  shaking  and  stirring  for  some  time,  diluted  to  1400  c.c.,  and 
allowed  to  stand  for  twelve  hours,  The  precipitate  is  filtered  and  washed 
with  water.  It  contains  the  greater  part  of  the  “didymium,”  most  of  the 
lanthanum  being  in  the  filtrate.  In  subsequent  fractionation  more  than  half 
the  earths  should  be  left  as  nitrates  at  the  lanthanum  end  and  less  than  half 
at  the  “  didymium  ”  end.^ 

(iii.)  Decomposition  of  the  Nitrates? — The  mixed  nitrates  are  mixed  with 
excess  of  potassium  and  sodium  nitrates,  and  heated  to  420°-460°  until  part 
of  the  rare  earth  nitrates  have  been  decomposed.  The  mass  is  then  extracted 
with  water,  when  a  residue  of  basic  “didymium”  nitrate,  practically  free 
from  lanthanum,  is  obtained.  If  the  aqueous  extract  is  pink,  it  is  evaporated 
to  dryness  and  the  fusion  repeated,  until  eventually  a  practically  colourless 
filtrate  is  obtained.  Separation  into  crude  lanthana  and  crude  “didyrnia” 
may  be  rapidly  effected  in  this  manner,  but  pure  lanthana  cannot  be  thus 
obtained. 

(iv.)  Fractional  Precipitation  of  the  Chromates? — The  oxides  are  dissolved 
in  chromic  acid  and  precipitated  in  dilute  boiling  solution  with  potassium 
chromate.  The  order  of  precipitation  is  Ce,  La,  Pr,  Nd,  Sm. 

(v.)  Electrolysis  of  Aqueous  Salt  Solutions?  —Nhen  an  aqueous  solution 
of  the  chlorides  or  nitrates  of  the  rare  earth  elements  is  electrolysed,  a  pre¬ 
cipitate  of  mixed  hydroxides  appears  at  the  cathode.  By  removing  this 
precipitate  from  time  to  time,  a  fractionation  of  the  rare  earths  in  the  order 
of'their  basic  strengths  may  be  effected,  the  weakest  base  precipitating  first. 


’  Marignac,  Ann.  CMm.  Phys.,  1853,  [iii.],  38,  148  ;  Hermann,  J.  prakt.  Chem.,  1861, 
82,  385  ;  Erk,  Jahresher.,  1870,  p.  319  ;  Cleve,  Bidl.  Soc.  chim.,  1874,  [ii.],  21,  196, 
246  ;  1883,  [ii.],  39,  151,  289  ;  1885,  [ii.],  43,  359  ;  Brauner,  Monatsh.,  1882,  3,  1,  486  ; 
Trans.  Chem.  Soc.,  1882,  41,  68;  1883,  43,  278;  Frericlis  and  Smith,  Annalen,  1878, 
191,  331. 

2  Drossbach,  Per.,  1896,  29,  2452;  Chem.  Pews,  1896,  74,  274  ;  Brauner  and  PavliSek, 
Trans.  Chem.  Soc.,  1902,  81,  1243. 

3  Muthmann  and  Rolig,  Ber.,  1898,  31,  1718  ;  R.  J.  Meyer  and  Marckwald,  Ber.,  1900, 
33,  3003. 

*  Auer  von  Welsbach,  Monatsh.,  1883,  4,  630;  1884,  5,  L  508;  Scbottliinder,  Ber., 
1892,  25,  378,  569. 

®  Damour  and  Deville,  Compt,.  rend.,  1864,  59,  270;  Bvll.  Soc.  chim.,  1864,  [ii.],  2, 
339  ;  Bettendorf,  Annalen,  1890,  256,  159  ;  Sehiitzenberger,  Compt.  rend.,  1895,  120,  1143  ; 
Urbain,  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  225  ;  Brauner  and  Pavlicek,  loc.  cit. 

®  Bohm,  Zeitsch.  angew.  Chem.,  1902,  15,  1282. 

’  Dennis  and  Lemon,  J.  Amer.  Chem.  Soc.,  1915,  37,  131:  Dennis,  D.S.A.  Pat,, 
No.  1,115,513, 
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This  method  gives  a  rapid  separation  of  lanthanum  from  praseodymium  or 
“didymium.”  It  is  convenient  to  use  a  solution  of  the  nitrates  contained  in 
a  tall  jar,  at  the  bottom  of  which  a  layer  of  mercury,  kept  in  constant  agita¬ 
tion  by  means  of  a  stream  of  air,  serves  as  the  cathode ;  a  platinum  wire  may 
be  used  as  anode.  The  current  should  be  adjusted  so  as  to  obtain  a  suitable 
rate  of  precipitation. 

(vi.)  Miscellaneous.^ 

C.  General  Method  of  Procedure. — The  separation  of  lanthanum, 
praseodymium,  and  neodymium  is  best  effected  in  a  series  of  stages  by  the 
fractionation  of  the  double  nitrates.  The  procedures  recommended  by 
Urbain  and  by  James  are  practically  identical.^  Thoria  and  ceria  should 
have  been  eliminated,  and  also  the  greater  part  of  the  earths  of  the  yttrium 
group.  The  earths  to  be  fractionated  (prepared  from  the  oxalates  by  ignition) 
are  dissolved  in  the  minimum  of  nitric  acid,  an  equal  amount  of  nitric  acid 
is  neutralised  by  magnesia,  the  two  solutions  mixed  and  evaporated  imtil 
small  crystals  form  when  a  current  of  cold  air  is  blown  on  the  surface.  A 
little  water  is  sprayed  on  the  surface,  and  the  whole  allowed  to  stand  for 
twenty-four  hours.  An  initial  separation  into  crystals  and  mother  liquor 
is  thus  effected.  The  further  fractionation  is  then  carried  on,  using  water 
for  solvent,  as  has  been  previously  described  (p.  323). 

The  most  soluble  fractions  rapidly  undergo  change,  developing  a  yellow 
colour  and  showing  the  absorption  spectrum  of  samarium.  All  the  erbium 
and  yttrium  salts  present  also  concentrate  into  these  soluble  fractions.  The 
fractionation  of  the  double  magnesium  salts  is  continued  until  spectroscopic 
examination  indicates  that  the  soluble  samarium  fractions  are  nearly  free 
from  neodymium ;  a  result  that  is  brought  about  comparatively  rapidly. 
After  fractionation  has  been  carried  out  for  some  time,  it  usually  happens 
that  the  final  mother  liquors  crystallise  with  great  difficulty,  owing  to  the 
accumulation  of  soluble  impurities  in  them.  The  solutions  are  then  diluted, 
the  rare  earths  precipitated  with  oxalic  acid,  washed,  reconverted  into  the 
double  magnesium  nitrates,  and  the  fractionation  continued.  When  the 
purified,  very  soluble,  double  nitrates  again  refuse  to  crystallise,  it  is  due  to 
the  accumulation  of  the  simple  nitrates  of  the  yttrium  group  in  the  final 
liquors.  The  further  treatment  of  these  soluble  fractions  is  described  later 
(p.  349). 

In  a  comparatively  short  time  a  practically  complete  separation  of 
neodymium  from  samarium  may  be  effected,  and  the  fractions  classified 
according  to  their  composition  into  four  groups,  which,  commencing  with 
the  least  soluble,  are  as  follows : — (a)  Crude  lanthanum  and  praseodymium 
salts,  the  separation  of  lanthanum  from  praseodymium  not  having  proceeded 
very  far  ;  (^)  praseodymium  and  neodymium  salts  (i.e.  “  didymium  ”  salts)  ; 
(y)  crude  neodymium  salt ;  and  (S)  samarium,  europium,  and  gadolinium 
magnesium  nitrates  together  with  the  simple  nitrates  of  terbium,  dysprosium. 


1  See  Marignac,  Ann.  Chim..  Phys.,  1849,  [iii.],  27,  209  ;  1853,  [iii.],  38,  148  ;  Rammels- 
berg,  Pogg.  Annalen,  1859,  107,  631 ;  Berlin,  Inaugural  Dissertation  (Gottingen,  1864) ; 
Ererichs,  Ber.,  1874,  7,  798  ;  Krerichs  and  Smith,  Annalen,  1878,  191,  331  ;  Brauner,  loe. 
cit.\  Pettersson,  Zeitsch.  anory.  Chem.,  1893,  4,  1;  von  Seheele,  ibid.,  1898,  17,  310; 
Drossbach,  Ber.,  1902,  35,  28i6  ;  Bi’owning,  Chem.  News,  1914,  no,  49;  Compt  rend., 
1914,  158,  1679  ;  Stoddart  and  Hill,  J.  Amer.  Chem.  Soc.,  1911,  33,  1076  ;  Baskerville 
and  Turrentine,  ibid  ,  1904,  26,  46. 

^  Jam.  s,  J.  Amer.  Chem.  Soc.,  1912,  34,  757  ;  c/.  ibid.,  1908,  30,  979  ;  Urbain, 
J.  Chim.  phys. ,  1906,  4,  57. 
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holmium,  yttrium.  Of  the  rare  earth  elements  in  (S),  all  hut  yttrium  are 
rare  in  comparison  with  lanthanum,  praseodymium,  and  neodymium ; 
samarium  and  gadolinium  are  the  most  abundant. 

The  fractions  (a)  are  now  fractionated  by  Auer  von  Welsbach’s  method, 
for  which  purpose  they  are  converted  into  double  ammonmm  nitrates  and 
dissolved  in  water  containing  one-tenth  their  weight  of  nitric  acid.  The 
double  nitrates  are  then  methodically  fractionated ;  in  each  case,  after  de¬ 
canting  mother  liquor  from  one  fraction  to  the  next,  the  crystals  are  washed 
with  a  little  concentrated  nitric  acid  and  the  washings  also  added  to  the  next 
fraction.  This  is  the  best  general  procedure  for  the  preparation  of  pure 
lanthanum  and  praseodymium  material.  Fractionation  may  be  carried 
out  from  aqueous  solution  simply,  but  proceeds  more  rapidly  in  the  presence 
of  nitric  acid.^ 

Each  of  the  fractions  (/3)  is  converted  into  the  double  manganese  nitrates, 
and  the  fractionation  continued  from  nitric  acid  of  density  1'3.  The 
greater  part  of  the  salt  present  in  a  fraction  should  be  separated  at  each 
crystallisation,  so  that  each  mother  liquor  is  small  in  volume  compared  with 
the  volume  of  the  crystals.  This  procedure  is  the  most  rapid  yet  known  for 
the  separation  of  praseodymium  from  neodymium,  and  enables  the  frac¬ 
tionation  to  be  continued  and  pure  salts  separated  at  each  end  until  the 
intermediate  fractions  are  practically  insignificant. 

The  neodymium  fractions  (y)  are  fractionated  still  further  for  the  pre¬ 
paration  of  pure  neodymium  salt,  any  praseodymium  still  present  passing 
into  the  least  soluble,  and  any  samarium,  etc.,  into  the  most  soluble  portions. 
According  to  Demar^ay,  the  elimination  of  samarium  from  neodymium  by 
this  method  requires  only  a  few  days’  work  on  four  fractions.  It  is  even 
more  rapid,  for  the  elimination  of  both  praseodymium  and  samarium,  to 
convert  each  of  the  (y)  fractions  into  the  double  manganese  nitrates,  as 
with  (/?). 

The  further  treatment  of  fractions  (8)  is  described  later  (p.  349). ^ 

D.  Purification  of  Lanthanum,  Praseodymium,  and  Neodymium. 

— Lanthanum  ammonium  nitrate  may  be  obtained  in  a  high  state  of  purity 
by  prolonged  fractional  crystallisation,  the  last  traces  of  praseodymium  salt 
concentrating  in  the  most  soluble  fractions.  The  most  rapid  method  for  the 
elimination  of  a  little  praseodymium  from  a  nearly  pure  lanthanum  pre¬ 
paration  is  said  by  R.  J.  Meyer  to  be  the  double  carbonate  method.  The 
following  process  is  recommended  by  James  for  the  final  purification.® 

The  double  ammonium  nitrate  is  dissolved  in  water  and  precipitated  with 
oxalic  acid.  The  oxalate  is  heated  with  concentrated  sulphuric  acid  and 
thereby  converted  into  the  neutral,  anhydrous  sulphate.  The  powdered 
salt  is  slowly  added  to  ice-cold  water  till  a  saturated  solution  is  obtained, 
after  which  it  is  filtered  and  heated  to  32°.  The  hydrated  salt  which 
separates  out  is  washed  with  hot  water,  dehydrated,  and  the  crystallisation 
repeated.  The  rapid  elimination  of  traces  of  praseodymium  by  this  method 


1  This  method  was  the  first  by  means  of  which  praseodymium  and  neodymium  were 
separated.  It  is  not,  however,  the  best  method  for  that  purpose. 

^  Muthmann  and  Weiss  have  separated  lanthanum,  jiraseodymium,  and  neodymium 
very  satisfactorily  merely  by  prolonging  the  fractionation  of  the  double  magnesium  nitrates  ; 
Feit  and  Przibylla  also  recommend  this  process,  and  propose  the  addition  of  cerous  mag¬ 
nesium  nitrate  from  time  to  time  to  the  most  soluble  fractions,  to  aid  in  the  separation 
(c/.  p.  329). 

®  James,  /.  Atner.  Cliem.  Soc.,  1908,  30,  979;  1912,  34,  757. 
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is  due  to  the  fact  that  lanthaaum  and  praseodymium  sulphates  are  not 
isomorphous.  A  pure  lanthanum  salt  yields  a  pure  white  oxide,  and 
when  converted  into  the  nitrate  or  chloride  and  examined  through  a  thick 
layer  of  concentrated  solution  exhibits  no  trace  of  the  praseodymium 
absorption  bands. 

Praseodymium  material  may  be  contaminated  with  lanthanum  and  neo¬ 
dymium.  The  last  traces  of  lanthanum  are  best  removed  by  a  process  in 
which  they  accumulate  in  the  most  soluble  fractions,  e.g.  crystallisation  of 
the  ethylsulphates,  bromates,  or  the  simple  nitrates.^  Crystallisation  of  the 
oxalates  from  nitric  acid  is  also  a  very  expeditious  method.  According  to 
Brauner,^  pure  praseodymium  tetroxide,  Pi’gO^,  separates  when  the  nitrate  is 
fused  with  nitre  at  400°.  The  last  traces  of  neodymium  may  be  removed 
by  the  prolonged  crystallisation  of  the  double  ammonium,  magnesium  or 
manganese  nitrate,  or  by  the  double  carbonate  method  (p.  342). 

According  to  Baskerville  and  Turrentine,  pure  praseodymium  material  is 
readily  obtained  in  one  operation  from  an  impure  material  containing  not 
more  than  10  per  cent,  of  lanthanum.  The  hydroxides  are  precipitated  with 
ammonia,  thoroughly  washed  till  free  from  ammonia,  dissolved  in  an  ice-cold, 
saturated  solution  of  citric  acid,  and  the  solution  filtered  and  heated  to  100°. 
Normal  praseodymium  citrate  separates  as  an  amorphous  green  powder,  which 
is  filtered  off  and  washed  with  hot  water.® 

Neodymium  material  is  liable  to  contain  praseodymium  and  samarium. 
The  latter,  however,  may  be  eliminated  very  easily  by  the  crystallisation  of 
the  double  ammonium,  magnesium,  or,  best  of  all,  manganese  nitrates.  The 
complete  elimination  of  praseodymium  is  a  very  tedious  operation ;  one  of  the 
best  methods  consists  in  the  fractional  crystallisation  of  the  nitrate  from  con¬ 
centrated  nitric  acid,  which  concentrates  the  praseodymium  salt  in  the  most 
soluble  fractions.^  Crystallisation  of  the  bromate  likewise  eliminates  the  praseo¬ 
dymium  in  the  most  soluble  fractions.  Baskerville  and  Stevenson  recommend 
fractional  precipitation  of  the  chloride  from  acid  solution  (by  saturation  with 
hydrogen  chloride)  as  a  ready  means  of  eliminating  lanthanum  and  praseo¬ 
dymium  chlorides  ®  ;  while  Holmberg  and  Gamier  purify  neodymium  material 
by  fractionating  the  metanitrobenzoate.  Strongly  ignited  neodymium  oxide 
has  a  beautiful  blue  colour ;  several  tenths  of  one  per  cent,  of  praseodymia, 
however,  do  not  affect  the  colour.  The  absorption  bands  in  the  blue  are 
sharply  defined  when  a  neodymium  nitrate  or  chloride  solution  is  free  from 
samarium  and  praseodymium  salt,  but  are  somewhat  hazy  in  the  presence  of 
these  impurities. 

Separation  op  Samarium,  Europium,  Gadolinium,  and  Terbium. 

The  double  potassium  (sodium)  sulphates  of  these  elements  are  slightly, 
but  appreciably,  soluble  in  a  saturated  solution  of  potassium  (sodium)  sulphate, 
and  hence  divide  themselves  between  the  precipitate  and  the  filtrate  when 


*  From  nitric  acid  ;  Feit  and  Przibylla,  Zeitseh.  anorg.  Chem.,  1905,  43,  202. 

®  Brauner,  Proc.  Chem.  Soc.,  1898,  14,  70  ;  1901,  17,  66. 

®  Baskerville  and  Turrentine,  J.  Amer.  Chem.  Soc.,  1904,  26,  46 ;  Baskerville, 
Zeitseh.  anorg.  Chem.,  1905,  45,  86.  The  method  is  adversely  criticised  by  R.  J.  Meyer 
{ibid.,  1904,  41,  97).  For  another  method  of  eliminating  La,  see  Orloff,  Chem.  Zeit, 
1907,  31,  115. 

*  Baxter  and  Chapin,  J.  Amer.  Chem.  Soc.,  1911,  33,  1. *  * 

®  Baskerville  and  Stevenson,  J.  Amer.  Chem.  Soc.,  1904,  26,  54. 
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the  potassium  (sodium)  sulphate  method  is  used  to  effect  a  separation  of  the 
cerium  from  the  yttrium  earths.  If  the  sulphate  method  be  applied  in  such 
a  manner  as  to  separate  the  cerium  double  salts  in  a  series  of  fractions, 
samarium,  europium,  gadolinium,  and  terbium  may  he  concentrated  in  the 
final  fractions.  It  was  by  operating  in  this  manner  that  Lecoq  de  Boisbaudran, 
the  discoverer  of  samarium,  was  able  to  concentrate  samarium  with 
“didymium,”  and  afterwards  separate  them  by  various  processes;  and  a 
similar  method  of  experimenting  led  Marignac  to  the  discovery  and  isolation 
of  gadolinium.^ 

The  methods  which  have  been  applied  to  effect  the  separation  of  samarium, 
europium,  gadolinium,  and  terbium  from  one  another  or  from  the  elements 
of  the  cerium  and  yttrium  groups  are  as  follows : — 

A.  Fractional  Crystallisation. — The  following  salts  have  been 
utilised : — 

(i.)  Formates, 2  M(0.0C.H)3.irH20,  from  water. 

(ii.)  Oxalates,^  from  dilute  nitric  acid. 

(iii.)  Ethylsulphates,* *  M(C2H5.S04)3.9H20,  from  water  (p.  340). 

(iv.)  Nitrates,®  M(N03)g.5H20,  from  nitric  acid  of  density  1'3. 

(v.)  Double  magnesium  nitrates,®  2M(N03)3.3Mg(N03)2.24H20,  from 
nitric  acid  (1  3). 

(vi.)  Double  manganese  nitrates,’^  2M(N03)3.3Mn(N03)2.24H20,  from 
nitric  acid  (1'3). 

(vii.)  Double  nickel  nitrates,®  2M(N03)2.3Ni(N03)2.24H20,  from  nitric 
acid  (1‘3). 

(viii.)  Picrates,®  M[0.CgH2(N02)3]3.irH20,  from  water. 

(ix.)  Metanitrobenzenesulphonates,^®  M[CgH^(N02).>S03]3.rrH20,  from 
water. 


^  Lecoq  de  Boisbaudran,  Compt.  rend.,  1879,  88,  322  j  1879,  89,  212 ;  Marignac,  Arch. 
Sci.  phys.  nat.,  1880,  [iii.],  3,  413;  Compt.  rend.,  1880,  90,  899  ;  Ann.  Chim.  Phys.,  1880, 
[v.],  20,  535. 

Delafontaine,  Arch.  Sci.  phys.  nat.,  1877,  59,  176  ;  1878,  61,  273  ;  Ann.  Chim.  Phys., 
1878,  [V.],  14,  238  ;  Marignac,  loc.  eit.  ;  Kriiss  and  Hofmann,  Zeitsch.  anorg.  Chem.,  1893, 
4,  27  ;  Feit,  ibid.,  1905,  43,  267  ;  Bettendorf,  Annalen,  1907,  352,  88  ;  Urbain,  Ann. 
Chim.  Phys.,  1900,  [vii.],  19,  184. 

®  Delafontaine,  Arch.  Sci.  phys.  nat.,  1865,  22,  30,  38;  1878,  61,  273;  Ann.  Chim. 
Phys.,  1878,  [v.],  14,  238  ;  Marignac,  Arch.  Sci.  phys.  nat.,  1378,  61,  283  ;  Ann.  Chim. 
Phys.,  1878,  [v.],  14,  247. 

*  Urbain,  Bull.  Soc.  chim.,  1898,  [iii.],  19,  376  ;  Compt.  rend.,  1898,  126,  835  ;  1904, 
139,  736;  1906,  142,  785  ;  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  184;  J.  Chim.  phys., 
1906,  4,  334. 

®  Demar^ay,  Compt.  rend.,  1896,  122,  728  ;  1900,  130,  1019  ;  Benedicks,  Zeitsch.  anorg. 
Chem.,  1900,  22,  393  ;  Urbain,  Compt.  rend.,  1904,  139,  736;  1909,  149,  37;  Feit  and 
Przibylla,  Zeitsch.  anorg.  Chem.,  1905,  43,  202. 

®  Demar9ay,  Compt.  rend.,  1900,  130,  1019,  1185,  1469;  131,  343;  1901,  132, 
1484;  Urbain  and  Lacombe,  ibid.,  1903,  137,  792;  1904,  138,  84,  627,  1166  ;  Urbain, 
J.  Chim.  phys.,  1906,  4,  31,  105  ;  Muthmann  and  Weiss,  Annalen,  1904,  331,  1  ;  Feit  and 
Przibylla,  loc.  cit.  ;  James  and  Robinson,  J.  Amer.  Chem.  Soc.,  1911,  33, 1363  ;  Holmberg, 
vide  infra. 

Lacombe,  Bull.  Soc.  chim.,  1904,  [iii.],  31,  570  ;  Chem.  News,  1904,  89,  277. 

®  Urbain,  Compt.  rend.,  1904,  139,  736;  1905,  141,  521;  J.  Chim.  phys.,  1906, 
4,  324. 

*  Holmberg,  Bihang  K.  SvensJea  Vet.-AJead.  Handl.,  1902-3,  28,  ii.,  No.  5  ;  Zeitsch. 
anorg.  Chem.,  1907,  S3,  83  ;  Dennis  and  Bennett,  J.  Amer.  Chem.  Soc.,  1912,  34,  7  ;  Dennis 
and  Rhodes,  ibid..  1915,  37,  807. 

Holmberg,  loc.  cit. 
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(x.)  Bromates,!  M(Br03)3.9H20,  from  water. 

(xi.)  Dimethylphosphates,2  M[(CH3)2P04]3.j;H20,  from  water. 

(xii.)  Chlorides,®  MOI3.6H2O,  from  hydrochloric  acid. 

The  solubilities  of  corresponding  salts  of  samarium,  europium,  gadolinium, 
and  terbium  usually  increase  in  the  order  Sm,  Eu,  Gd,  Tb.  With  the 
dimethylphosphates  the  reverse  holds  good;  with  the  simple  nitrates  the 
solubilities  diminish  in  the  order  Sm,  Eu,  Gd,  but  the  solubility  of  the 
terbium  salt  exceeds  that  of  the  gadolinium.  In  fact,  from  gadolinium  to 
lutecium  and  celtium  the  “serial  order”  holds  good  (see  p  327). 

B.  Fractional  Precipitation. — The  following  compounds  may  be 
fractionally  precipitated : — 

(i.)  The  double  sulphates.^ 

(ii.)  The  hydroxides  or  basic  salts,  by  ammonia.® 

(iii.)  The  stearates.® 

The  hydroxides  of  terbium,  samarium,  and  gadolinium  are  precipitated  in 
the  order  Tb,  Sm,  Gd  by  ammonia ;  europium  hydroxide  precipitates  before 
the  hydroxide  of  samarium. 

C.  General  Method  of  Procedure. — When  the  earths  extracted 
from  a  mineral  contain  very  little  of  the  yttrium  group  and  the  fractionation 
is  commenced  by  the  double  magnesium  nitrate  method  without  previously 
eliminating  the  yttrium  group,  the  whole  of  the  samarium,  europium, 
gadolinium,  etc.,  finds  its  way  into  the  soluble  fractions  (S)  previously 
mentioned  (p.  344).  If,  however,  the  earths  extracted  from  a  mineral  have 
been  initially  submitted  to  the  double  sulphate  separation  process,  the 
crude  double  sulphates  of  the  cerium  group  cpntain  probably  the  greater 
part,  but  not  all  of  the  samarium,  europium,  and  gadolinium,  and  very  little 
of  the  terbium,  while  the  filtrate  contains  the  remainder  of  these  elements  as 
sulphates.  From  a  mixture  of  crude  yttrium  earths  the  elements  samarium, 
europium,  gadolinium,  and  terbium  may  be  eliminated  in  the  least  soluble 
fractions  by  fractionally  crystallising  the  ethylsulphates  or  bromates,  as  has 
been  previously  mentioned  (p.  340). 

In  outlining  the  procedures  best  adapted  to  the  separation  of  samarium, 
europium,  gadolinium,  and  terbium,  it  is  only  necessary  to  describe  the 
method  of  working  up  the  extremely  soluble  fractions  (8)  from  the  double 
magnesium  nitrate  fractionation  of  the  cerium  group  (p.  344).  Head 
fractions  obtained  from  crude  yttrium  earths  by  the  ethylsulphate  or  bromate 
method  may  be  converted  into  double  magnesium  nitrates  and  treated  in 
a  similar  manner.'^ 


1  James  and  Bissel,  J.  Amer.  Chem.,  Soc.,  1914,  36,  2060. 

®  J.  C.  Morgan  and  C.  James,  J.  Amer.  Chem.  Soc.,  1914,  36, 10. 

®  James  and  Bissel,  J.  Amer.  Chem.  Soc.,  1914,  36,  2065. 

^  Marignac,  Arch.  Sci.  phys.  nat.,  1880,  [iii.],  3,  413;  Compt.  rend.,  1880,  90,  899  ; 
Ann.  Chim..  Phys.,  1880,  [v.],  20,  535  ;  Lecoq  de  Boisbaudran,  Compt.  rend.,  1879,  88,  322 ; 
1879,  89,  212;  1883,  97,  1463  ;  Delafontaine,  Arch.  Sci.  phys.  nat.,  1878,  61,  273; 
Bettendorf,  Annalen,  189'2,  270,  376  ;  1907,  352,  88. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1879,  88,  322  ;  89,  212  ;  1890,  in,  394  ;  Urbain, 
ibid.,  1905,  141,  521  ;  Bettendorf,  Annalen,  1892,  270,  376  ;  Benedicks,  loe,  cit.  ;  Holmberg, 
loc.  cit. 

®  Stoddart  and  Hill,  J.  Amer.  Chem.  Soc.,  1911,  33,  1076. 

^  For  more  complete  descriptions,  see  Urbain,  J.  Chim.  phys.,  1906,  4,  31, 105  (general) ; 
Compt.  rend.,  1909,  149,  37  (Tb) ;  James,  J.  Amer.  Chem.  Soc.,  1908,  30,  979  ;  1912,  34, 
757  (general). 
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The  fractionation  of  the  double  magnesium  nitrates  (S)  is  continued  from 
nitric  acid  of  density  1-3,  as  recommended  by  Demar^ay.  This  is  the  best 
method  for  separating  samarium,  europium,  and  gadolinium.  The  fractiona¬ 
tion  should  be  continued  until  a  considerable  quantity  of  the  samarium  has 
been  eliminated  in  the  head  fractions,  free  from  europium.^  Throughout  the 
course  of  this  fractionation  great  care  must  be  taken  to  prevent  the  deposition 
of  crystals  of  magnesium  nitrate,  which  are  apt  to  separate  out,  since  that 
salt  is  less  soluble  than  the  double  nitrates.  The  solutions  should  therefore 
be  allowed  to  cool  down  and  form  supersaturated  solutions,  and  then  seeded 
either  with  tiny  crystals  saved  for  the  purpose,  or,  better,  with  bismuth 
magnesium  nitrate.^ 

After  as  much  europium-free  samarium  as  possible  has  been  removed, 
considerable  quantities  of  bismuth  magnesium  nitrate  are  continually  added 
to  the  final  mother  liquors  as  the  fractionation  proceeds.  The  material 
should  be  separated  into  about  20  fractions  and  fractionation  carried  on 
daily  for  about  six  months.  After  each  crystallisation  the  volume  of  the 
mother  liquor  should  be  about  one-tenth  of  the  total  volume.  By  working 
in  this  manner  on  611  grams  of  rare  earths,  which  consisted  almost  entirely 
of  Samaria  and  gadolinia,  Urbain  and  Lacombe  (p.  327),  the  originators  of 
this  method,  added  in  all  about  5  kilos,  of  bismuth  magnesium  nitrate. 
They  eliminated  the  head  fractions  as  soon  as  it  was  clear  that  they  were 
free  from  europium.  Finally,  after  nearly  six  months’  fractionation,  the  two 
head  fractions  were  found  to  be  practically  devoid  of  samarium  and  europium, 
i.e.  they  were  practically  pure  bismuth  magnesium  nitrate.  The  remaining 
fractions  contained  much  bismuth  salt  and  the  following  amounts  of  rare 
earths  (head  fraction  was  No.  12) : — 

No.  of  fraction  .  14  15  16  17  18  19  20  21  22  etc. 

Wt.  of  oxides  .  0-537  1-01  1-50  1-74  1-50  1-80  2*7  12-7  29-0  grams. 

Numbers  14  to  19  were  free  from  gadolinium,  and  numbers  23  onwards  were 
free  from  europium.  Thus  the  earths  extracted  from  fractions  14  to  19  con¬ 
sisted  of  pure  europia,  and  the  intermediate  fractions  between  pure  europia 
and  pure  gadolinia  had  been  reduced  to  three  (numbers  20,  21,  and  22).® 


^  By  examining  the  absorption  spectrum  of  the  double  nitrates,  melted  in  their  water 
of  crystallisation,  through  a  thickness  of  about  12  cms.  (the  diameter  of  a  litre  flask),  and 
rejecting  fractions  which  do  not  show  the  two  bands  6337  and  6251  due  to  europium,  con¬ 
siderable  amounts  of  samarium  hut  practically  no  europium  may  be  eliminated. 

^  It  has  been  already  mentioned  (see  p.  344)  that  considerable  trouble  may  be  experienced 
in  crystallising  the  most  soluble  part  of  the  (5)  fractions  owing  to  the  fact  that  all  the  yttrium 
earths  left  in  the  ci-ude  cerium  earths  become  concentrated  in  them.  The  following  means 
are  available  for  eliminating  the  yttrium  earth  from  these  uncrystallisable  fractions : — 

(i. )  Convert  into  sulphates  and  apply  the  double  sulphate  method. 

(ii.)  Convert  into  the  simple  nitrates  and  fractionally  crystallise  from  nitric  acid  of 
density  1-3.  This  excellent  method  was  strongly  recommended  by  Demar^ay  (CompL  rend., 
1900,  130,  1019),  and  has  also  been  employed  by  James  (/.  Amer.  Chtm.  Soc.,  1913,  35,  235). 
The  nitric  acid  should  not  have  a  greater  density  than  1-3,  or  yttrium  nitrate  trihydrate, 
Y(N03)3.3H20,  may  separate  and  cause  trouble. 

(iii.)  Add  a  large  quantity  of  bismuth  magnesium  nitrate  and  fractionally  crystallise 
from  nitric  acid  (Urbain  and  Lacombe,  Compt.  rend.,  1904,  138,  84  ;  J.  Chim,  phys.,  1906, 
4,  121). 

3  Without  the  addition  of  the  isomorphous  bismuth  salt,  the  separation  of  europium  from 
gadolinium  requires  18  intermediate  fractions  (Uemar9ay,  see  p.  347).  The  work  of 
Urbain  and  Lacombe  has  been  repeated  and  verified  by  James  and  Eobinson  (p.  347),  who 
worked  on  a  larger  scale  than  the  French  chemists. 
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From  the  preceding  description  it  will  be  seen  that  the  separation  of 
samarium  and  europium  by  Urbain  and  Lacombe’s  method  is  quantitative. 
For  the  purification  of  samarium  it  is  necessary  to  eliminate  the  last  traces 
of  neodymium.  This  may  be  accomplished  (i.)  %  the  fractional  crystallisation 
of  a  mixture  of  equal  weights  of  the  double  nitrate  of  samarium  and  magnesium 
and  the  double  nitrate  of  bismuth  and  magnesium,  when  the  neodymium  is 
eventually  found  in  the  head  fraction  ;  ^  (ii.)  by  the  fractional  crystallisation 
of  samarium  dimethylphosphate,  when  the  neodymium  is  rapidly  expelled 
in  the  most  soluble  fractions;®  or  (iii.)  by  the  fractional  crystallisation  of 
samarium  manganese  nitrate  from  nitric  acid.® 

The  elimination  of  terbium  from  gadolinium  is  more  tedious  than  the 
elimination  of  europium.  The  fractions  following  those  which  contain  the 
europium  are  suitably  treated  to  extract  the  rare  earths  and  to  convert  them 
into  the  simple  nitrates.  The  nitrates  are  then  fractionated  from  nitric  acid 
of  density  1  '3  in  the  presence  of  a  large  excess  of  bismuth  nitrate,  Bi(N03)3.5H20. 
The  order  of  separation  is  Gd,  Bi,  Tb,  (Dy),  and  a  practically  quantitative 
separation  of  gadolinium  and  terbium  can  be  brought  about  by  prolonging 
the  fractionation  for  a  sufficient  length  of  time.  The  separation  proceeds 
very  slowly,  but  it  is  certain. 

The  purification  of  terbium  is  completed  when  both  gadolinium  and 
dysprosium  have  been  eliminated  from  it.  The  elimination  of  the  gadolinium 
has  just  been  described ;  at  the  same  time  that  the  separation  of  gadolinium 
and  terbium  is  proceeding  in  the  least  soluble  fractions,  a  very  good,  but  not 
quantitative,  separation  of  terbium  and  dysprosium  simultaneously  takes 
place  in  the  more  soluble  fractions,  and,  owing  to  the  presence  of  the  excess 
of  bismuth  salt,  the  intermediate  terbium-dysprosium  fractions  are  reduced  to 
a  very  small  amount. 

The  great  objection  to  the  method  of  the  fractional  crystallisation  of  the 
nitrates  for  separating  gadolinium,  terbium,  and  dysprosium  is  the  extreme 
slowness  with  which  it  effects  the  separation.  A  much  more  rapid  and  con¬ 
venient  process  is  the  fractional  crystallisation  of  the  hromates,  which  separates 
gadolinium  and  terbium  particularly  well.  Moreover,  it  is  very  probable 
that  the  separation  can  be  conducted  quantitatively  in  the  presence  of 
neodymium  bromate. 

The  best  alternatives  to  the  methods  outlined  in  the  preceding  paragraphs 
for  the  isolation  of  gadolinium  and  terbium  are :  (i.)  the  fractionation  of  the 
double  nickel  nitrates  to  eliminate  terbium  from  gadolinium,  and  vice  versa ; 
(ii.)  the  fractional  precipitation  of  the  hydroxides  with  ammonia  to  eliminate 
the  last  traces  of  gadolinium  from  terbium  prepared  by  method  (i.) ;  (iii.)  the 
fractionation  of  the  ethylsulphates  to  eliminate  dysprosium  from  terbium  ;  *  and 
(iv.)  the  fractionation  of  the  dimethylphosphates,  which  rapidly  eliminates 
terbium  from  gadolinium. 

The  Separation  op  the  Yttrium  Group. 

The  metals  of  this  group  are  distinguished  from  those  of  the  cerium  and 
terbium  groups  by  the  solubility  of  their  double  potassium  sulphates  in  a 

^  ^  Urbain  and  Lacombe,  Compt.  rend.,  1904,  138,  1166  ;  Urbain,  J.  Chim.phys.,  1906,  4, 

J,  C.  Morgan  and  C.  Janies,  J.  Amer.  Chem.  Soc.,  1914,  36,  10. 

®  Lacombe,  Bull.  Soc.  chiin.,  1904,  [iii.],  31,  570  ;  Chem.  News,  1504,  89,  277 

^  For  references,  see  p.  351. 
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saturated  solution  of  potassium  sulphate,  and  by  the  inability  of  their  nitrates 
to  form  double  salts  with  the  alkali  nitrates  or  the  nitrates  of  magnesium, 
zinc,  nickel,  etc. 

The  separation  of  the  elements  of  the  yttrium  group  from  one  another 
has,  as  yet,  not  been  effected  so  satisfactorily  as  the  separation  of  the  elements 
of  the  other  groups.  Practically  all  the  methods  that  have  been  tried  are 
mentioned  in  the  following  paragraphs,  and  an  outline  of  the  experimental 
procedure  is  given  in  the  cases  of  the  more  valuable  methods. 

A.  Fractional  Crystallisation.  —  The  following  salts  have  been 
employed ; — 

(i.)  The  ethylsulphates,  from  water.^  The  utility  of  this  valuable  method 
is  discussed  later  (pp.  355-6). 

(ii.)  The  hromates,  from  water.^  The  utility  of  this  method  is  also  discussed 
later  (pp.  355-6). 

(iii.)  The  acetates,  from  acetic  acid.® 

(iv.)  The  metanitrohenzoates,  from  water. ^ 

(v.)  The  nitrates,  from  strong  nitric  acid.®  The  utility  of  this  valuable 
method  is  discussed  later  (pp.  356-7). 

(vi.)  The  doiJjle  ammonium  oxalates.^  The  wet  oxalates  are  dissolved  in 
a  boiling,  concentrated,  slightly  ammoniacal  solution  of  ammonium  oxalate, 
and  the  solution  cooled  in  successive  stages,  the  crystals  separating  at  each 
stage  being  collected  before  proceeding  to  the  next.'^ 

(vii.)  The  acetylacetonates,  from  alcohol  and  benzene.® 

(viii.)  Tthe  picrates,  from  water.®  This  is  an  efficient  method  for  removing 
small  amounts  of  the  earths  of  the  erbium  and  yttrium  groups  from  those 
of  the  cerium  group  and  for  separating  yttrium  from  erbium  and  holmium. 
(ix.)  The  chlorides,  from  concentrated  hydrochloric  acid.^® 


^  Urbain,  Btill.  Soc.  chim.,  1898,  [iii.],  19,  376  ;  Compt.  rend.,  1898,  126,  835  ;  1906, 
142,  785  ;  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  184 ;  G.  and  E.  Urbain,  Compt.  rend.,  1901, 
132,  136  ;  R.  J.  Meyer  and  Wuorinen,  Zeitsch.  anorg.  Cliem.,  1913,  80,  7. 

®  James,  J.  Amer.  Chem.  Soc.,  1908,  30,  182,  979;  1910,  32,  517;  1911,  33,  1332; 
1912,  34,  757  ;  1913,  35,  235  ;  Holden  and  James,  ibid.,  1914,  36,  638  ;  James  and  Bissel, 
ibid.,  1914,  36,  2065.  In  the  first  of  these  papers,  James  mentions  that  the  fractionation 
of  the  bromates  is  superior  to  the  fractionation  of  any  of  the  following  salts: — Sulphites-, 
succinates,  xanthates,  methylsulphates,  propylsulphatcs,  camphorates,  iodates,  thiocyanates, 
monochloracetates,  monobromosuccinates,  and  oleates. 

®  Postius,  Inaugural  Dissertation  (Munich  Tech.  Inst.,  1902). 

^  Holmberg,  Arkiv  Kem.  Min.  Geol.,  1911,  4,  Nos.  2,  10  ;  Zeitsch.  anorg.  Chem.,  1911, 
71,  226. 

®  Demar9ay,  Compt.  rend.,  1896,  122,  728  ;  1900,  130,  1019  ;  Urbain,  ibid.,  1907,  145, 
759;  1908,  146,  406;  Pull.  Soe.  chim.,  1905,  [iii.],  33,  739  ;  Blumenfeld  and  Urbain, 
Compt.  rend.,  1914,  159,  323  ;  Holmberg,  loc.  cit. 

®  Auer  von  Welsbach,  Monatsh.,  1906,  27,  935;  1908,  29,  181;  1911,  32,  373;  Chem. 
News,  1907,  95, 197  ;  1908,  98,  223  ;  Holmberg,  loc.  cit.  ;  Hofmann  and  Burger,  Per.,  1908, 
41,  308. 

’’  For  other  methods  of  fractionating  by  means  of  oxalates,  see  Mosander,  Phil.  Mag., 
1843,  [iii.],  23,  241  ;  Delafoutaine,  Arch.  Sci.  phys.  nat.,  1864,  21,  97  ;  Annalen,  1864,  134, 
99  ;  Cleve,  Compt.  rend.,  1879,  89,  419  ;  Lecoq  de  Boisbaudran,  ibid.,  1879,  88,  322  ;  1886, 
103,  627  ;  Kriiss,  Annalen,  1891,  265,  1 ;  Urbain,  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  184  ; 
Marc,  Per.,  1902,  35,  2382  ;  Dennis  and  Dales,  J.  Amer.  Chem.  Soc.,  1902,  24,  401. 

**  Urbain  and  Budischovsky,  Compt.  rend.,  1897,  124,  618;  Urbain,  Ann.  Chim.  Phys., 
1900,  [vii.],  19,  184. 

®  Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  53,  83  ;  Dennis  and  Bennett,  J.  Amer.  Chem. 
Soc.,  1912,  34,  7  ;  Dennis  and  Rhodes,  ibid.,  1915,  37,  807  ;  James,  ibid.,  1911,  33,  1332. 

Dennis  and  Dales,  J.  Amer.  Chem.  Soc.,  1902,  24,  401 ;  Langlet,  Arkiv  Kem.  Min. 
Geol.,  1907,  2,  No.  32 ;  James  and  Bissel,  J.  Amer.  Chem.  Soc.,  1914,  36,  2065. 
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(x.)  The  dimethylphosphates,  from  water.  ^  This  separation  appears  to  be 
a  very  rapid  one,  and  deserves  further  study. 

B.  Fractional  Precipitation. — ^The  following  compounds  may  be 
fractionally  precipitated  : — - 

(i.)  The  hydroxides  or  basic  salts,  by  the  addition  of  ammonia,^  sodium 
hydroxide,^  aniline,^  or  magnesia.®  These  processes  are  very  tedious.  The 
magnesia  method  is  useful  in  removing  small  amounts  of  impurities  from 
yttrium,  for  which  purpose  the  magnesia  is  stirred  up  into  a  “cream”  with 
water,  and  added  gradually  to  a  concentrated,  boiling  solution  of  the  rare 
earth  nitrates. 

(ii.)  The  chromates.^  For  this  purpose  the  rare  earths  {i.e.  the  oxides) 
are  mixed  with  the  calculated  amount  of  chromic  acid,  and  water  then  added. 
A  violent  reaction  ensues  and  an  aqueous  solution  of  the  dichromates  is 
produced.'^  The  liquid  is  diluted  (about  1  litre  per  50  grams  of  oxides)  and 
10  per  cent,  potassium  chromate  added  until  a  permanent  turbidity  is 
produced.  The  liquid  is  heated  to  boiling,  and  while  heating  by  a  burner 
is  still  carried  on,  a  vigorous  current  of  steam  is  blown  through  the  liquid. 
By  this  means  a  constant  volume  may  be  maintained  throughout  the 
fractionation,  which  is  effected  by  adding  10  per  cent,  potassium  chromate, 
drop  by  drop,  from  a  tap-funnel.  The  precipitate  is  collected  in  a  series  of 
fractions, 

The  method  is  an  excellent  one  for  the  rapid  preparation  of  practically 
pure  yttrium  material  from  a  starting  material  composed  of  the  crude  yttrium 
earths  from  which  the  cerium  group,  and  preferably  the  terbium  group, 
has  been  eliminated.  Unfortunately  it  does  not  seem  to  have  any  other 
practical  use. 

(iii.)  The  ferrocyanides.^  This  method,  like  the  preceding,  enables  pure 
yttrium  material  to  be  obtained,  but  the  yields  are  very  poor. 

(iv.)  The  succinates.^  A  solution  of  ammonium  or  sodium  succinate  is 
added,  drop  by  drop,  to  a  2  or  3  per  cent,  boiling  solution  of  the  nitrates,  and 
the  precipitate  collected  in  fractions. 

(v.)  The  stearates.'^^  A  60  per  cent,  hot  alcoholic  solution  of  potassium 


^  J.  C.  Morgan  and  C.  James,  J.  Amer.  Chem.  Soc.,  1914,  36,  10. 

®  Mosander,  Phil.  Mag.,  1843,  [hi.],  23,  251  ;  Lecoq  de  Boisbaudran,  Compt.  rend.,  1886, 
102,  1003,  1005;  Kriiss,  Annalen,  1891,  265,  1  ;  Muthmann  and  Baur,  Ber.,  1900,  33, 
1748;  Marc,  ibid.,  1902,  35,  2382;  Urbain,  Ann.  Chim.  Phi/s.,  1900,  [vii.],  19,  184; 
G.  and  E.  Urbain,  loc.  cit.  ;  Postius,  loc.  cit. ;  Dennis  and  Dales,  loc.  cit.  ;  Bettendorf, 
Annalen,  1907,  352,  88  ;  Holmberg,  loo.  cit. 

®  Holden  and  James,  J.  Atncr.  Chem.  Soc.,  1914,  36,  638. 

*  Kriiss,  Annalen.  1891,  265,  1  ;  Zeitsch.  anorg.  Chem.,  1893,  3,  108,  353;  K.  A. 
Hofmann  and  Kriiss,  ibid.,  1893,  3,  407  ;  4,  27. 

Muthmann  and  Rblig,  Ber.,  1898,  31,  1718  ;  Drnssbach,  Ber.,  1896,  29,  2452  ;  Dennis 
and  Dales,  loc.  cit.  ;  James,  J.  Amer.  Chem.  Soc.,  1907,  29,  495. 

®  Kriiss  and  Loose,  Zeitsch.  anorg.  Chem.,  1893,  3,  92;  Moissan  and  Etard,  Compt. 
rend.,  1896,  122,  573  ;  Muthmann  and  Bohra,  Ber.,  1900,  33,  42;  Bohm,  Zeitsch.  angew. 
Chem.,  1902,  15,  1282  ;  Dennis  and  Dales,  loc.  cit.  ;  R.  J.  Meyer  and  Wuorinen,  Zeitsch. 
anorg.  Chem.,  1913,  80,  7  ;  Egan  and  Balke,.J.  Amer.  Chem.  Soc.,  1913,  35,  365  ;  Holden 
and  James,  ibid.,  1914,  36,  63^ 

’  Instead  of  using  a  solution  of  the  dichromates,  a  neutral  solution  of  the  nitrates  may  be 
used  and  potassium  dichromate  added  (James,  J.  Amer.  Chem.  Soc.,  1912,  34,  769). 

®  Rovf\a.nd,  Johns  Hopkins  Univ.  Circular,  1894,  112,  73;  Chem.  News,  1894,  70,  68; 
Jones,  Amer.  Chem.  J.,  1895,  17,  154;  Crookes,  Chem.  News,  1894,  70,  81;  Bettendorf, 
Annalen,  1907,  352,  88  ;  R.  J.  Meyer  and  Wuorinen,  loc.  cit. 

®  Lenher,  J.  Amer.  Chem.  Soc.,  1908,  30,  672  ;  Benner,  ibid.,  1911,  33,  60. 

Stoddart  and  C.  W.  Hill,  J,  Amer.  Chem.  Soc.,  1911,  33, 1076. 
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stearate  is  added,  drop  by  drop,  to  a  cold,  vigorously  stirred  solution  of  the 
neutral  nitrates,  and  the  precipitate  removed  in  fractions.  This  is  said  to  be 
a  rapid  method  for  preparing  pure  yttria. 

(vi.)  The  iodates}  A  solution  of  potassium  iodate  is  added,  drop  by  drop, 
to  a  hot  solution  of  the  nitrates,  slightly  acidified  with  nitric  acid.  The 
method  is  of  value  in  the  purification  of  yttrium,  which  separates  last. 

(vii.)  The  cohalticyanides?  This  affords  a  rapid  method  for  the  separa¬ 
tion  of  pure  yttrium. 

(viii. )  The  tartrates.  A  solution  of  tartaric  acid  in  acetone  is  added  to  one 
of  the  rare  earth  nitrates  in  the  same  solvent,  and  the  precipitate  removed  in 
fractions.® 

(ix.)  Other  salts.  The  azides,^ .  hypophosphites,'’  phosphites^  phosphates^ 
arsenates,'^  sulphites,^  tungstates,^  sehacates^  citrates,’^  tartrates,^  cacodylates,'^ 
glycollates^  mono-  and  di-methylphosphates^  phenoxy acetates^  camphorates^ 
m-nitrohenzoates^  and  azohenzenesulphonates  ^  have  all  been  examined. 

0.  Other  Methods. — These  include  the  following  : — 

(i.)  Fractional  Decomposition  of  the  Nitrates  by  Heat.^ — For  this  purpose, 
the  hydroxides  are  dissolved  in  nitric  acid,  the  solution  evaporated  to  dryness, 
and  the  residual  nitrates  heated.  The  evolution  of  red  fumes  is  allowed  to 
proceed  until  the  surface  acquires  a  peculiarly  steely  appearance,  but  should 
not  be  allowed  to  continue  until  the  mass  becomes  creamy.  The  fused  mass 
is  then  poured  very  carefully  into  cold  water,  and  the  liquid  heated  to  boiling. 
If  yttrium  predominates  very  largely  over  the  other  rare  earth  metals  present, 
the  entire  mass  generally  passes  into  solution,  and,  on  cooling,  basic  nitrates 
separate  out  in  the  crystalline  form ;  otherwise  an  insoluble  residue  is  left, 
in  which  case  it  must  be  well  agitated  by  vigorous  boiling  before  the  liquid 
is  cooled.  After  cooling,  the  residue  is  separated  by  filtration,  dissolved  in 
nitric  acid,  and  again  partially  decomposed,  while  the  filtrate  is  evaporated  to 
dryness,  and  the  residue  also  subjected  to  the  same  treatment,  and  so  on,  the 
filtrate  from  one  fraction  being  combined  with  the  basic  salts  separated  from 
the  next. 

This  is  one  of  the  classic  methods  for  the  fractionation  of  the  rare 
earths.  It  has  been  of  great  service  to  past  investigators,  scandium, 
ytterbium,  thulium,  and  holmium  having,  in  fact,  been  discovered  as  the 
result  of  the  application  of  this  method  to  the  fractionation  of  the  yttrium 
earths.  At  the  present  time  it  still  remains  one  of  the  best  methods,  at  least 
on  a  large  scale,  for  eliminating  erbium  from  yttrium. 


^  K.  J.  Meyer  and  Wuorinen,  Zeitsch.  anorg.  Ghem.,  1913,  8o,  7  ;  Holden  and  James, 
J.  Amer,  Chem.  Soc.,  1914,  36,  638. 

2  Bonardi  and  James,  J.  Amer.  Chem.  Soc.,  1915,  37,  2642. 

®  Barnebey,  J.  Amer.  Chem.  Soc.,  1912,  34,  1174. 

^  WMttemore  and  James,  J.  Amer.  Chem,  Soc.,  1913,  3S1  ;  Holden  and  James, 

loc.  cit. 

®  Jantscb  and  Griinkraut,  Zeitsch.  anorg.  Chem.,  1912,  79)  305. 

®  Dennis  and  Dales,  J.  Amer.  Ghem,  Soc.,  1902,  24,  401. 

Holden  and  James,  J.  Amer.  Ghem.  Soc.,  1914,  36,  638. 

®  The  older  references  are :  Berlin,  Forhandl.  Scand.  Naturf.  Kjolenhavn,  1860,  8,  448  ; 
Bahr  and  Bunsen,  Annalen,  1866,  137,  1  ;  Cleve  and  Hoglund,  Bihang  K.  Svenska  Vet.- 
Akad.  Handl.,  1873,  i,  No.  8;  Bull.  Soc.  chim.,  1873,  [ii.],  18,  193,  289;  Marignac, 
Arch.  Sci.  phys.  not.,  1878,  [ii.],  64,  97  ;  Gompt.  rend.,  1878,  87,  578  Ann.  Ghim.  Phys., 
1878,  [v.],  14,  247;  Nilson,  Gompt.  rend.,  1879,  88,  645;  Cleve,  ibid.,  1880,  91,  381. 
Modern  references  are:  G.  and  E.  Urbain,  Gompt.  rend.,  1901,  132,  136;  Dennis  and 
Dale.«,  J.  Amer.  Ghem.  Soc.,  1902,  24,  401  ;  James  and  Pratt,  ibid.,  1910,  32,  87  ;  Holden 
and  James,  ibid.,  1914,  36,  638.  See  also  Barnebey,  loc.  cit. 
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Before  applying  this  method  to  the  fractionation  of  the  yttrium  earths,  it 
is  important  the  europium,  gadolinium,  terbium,  dysprosium,  and  holmium 
should  as  far  as  possible  be  eliminated  (and,  of  course,  the  cerium  group). 
Serious  errors  have  been  made  owing  to  the  fact  that  this  initial  step  was  not 
taken  (see  pp.  355,  363). 

(ii.)  Auer  von  Wehhach's  Oxide  Method?- — The  manner  in  which  this 
method  is  carried  out  has  been  already  described  (p.  343). 

(iii.)  Hydrolysis  of  the  Phthalates? — A  cold  solution  of  the  phthalates  is 
slowly  heated  and  the  precipitated  basic  salts  removed  in  fractions.  The 
yttrium  precipitates  last. 

(iv.)  The  Ammonium  Carbonate  and  Acetic  Acid  Method? — The  hydroxides 
of  the  rare  earth  elements  of  the  yttrium  group  are  soluble  in  ammonium 
carbonate.^  Fractionation  may  be  effected  by  dissolving  the  hydroxides  in 
ammonium  carbonate,  adding  concentrated  acetic  acid  till  the  liquid  becomes 
turbid,  and  then  adding  dilute  acetic  acid,  drop  by  drop,  to  the  well-stirred 
liquid  until  the  earths  are  partially  precipitated. 

Terbium  and  yttrium  rapidly  concentrate  in  .-the  first  fractions,  erbium 
and  “  ytterbium  ”  in  the  last,  and  holmium,  thulium,  and  dysprosium  in  the 
middle  fractions. 

(v.)  The  Oxalate-Carbonate  Method? — The  oxalates  are  dissolved  in  a 
warm  saturated  solution  of  normal  ammonium  carbonate  and  then  heated  to 
100°.  The  precipitate  that  forms  is  collected  in  fractions.  The  elements 
separate  in  the  following  order ;  (Tb,  Y),  (Dy,  Ho),  Er,  Tm,  (Yb,  Lu).  The 
separation  of  erbium  from  holmium,  terbium,  and  dysprosium  is  very  rapid. 

(vi.)  The  Basic  Nitrite  Method? — A  neutral  solution  of  the  nitrites  is 
boiled  and  stirred  by  a  current  of  steam,  while  concentrated  sodium  nitrite 
solution  is  slowly  added  to  the  liquid.  The  precipitate  of  basic  nitrites  (V)  is 
removed  in  fractions  as  usual. 

The  separation  of  all  the  members  of  the  yttrium  group  appears  to 
be  effected  by  the  method,  but  at  present  it  has  only  been  studied  in  any 
detail  so  far  as  the  separation  of  yttrium  and  erbium  is  concerned.  For  this 
separation  it  is  the  most  rapid  method  known.  Unfortunately,  however,  the 
precipitates  are  at  times  obtained  in  a  colloidal  form,  and  when  this  occurs 
no  appreciable  separation  can  be  effected.  The  formation  of  the  colloidal 
precipitates  is  connected  with  the  presence  of  excess  of  sodium  nitrate, 
but  the  necessary  conditions  for  successful  fractionation  still  require  to  be 
discovered. 

(vii.)  Fractional  Sublimation  of  the  Chlorides? — This  method  is  of  use  in 
separating  small  quantities  of  lutecium  from  ytterbium  (neoytterbium),  the 
lutecium  chloride  being  the  more  volatile.  Scandium  and  thorium  are  liable 
to  be  present  when  crude  “ytterbium”  is  isolated;  their  chlorides  are  much 
more  volatile  than  lutecium  chloride. 


^  Auer  von  Welsbach,  Monatsh.,  1883,  4,  630  ;  1906,  27,  935  ;  Chcm.  News,  1907,  95, 
197  ;  Bettendorf,  Annalen,  1907,  352,  88;  cf.  Drossbach,  Ber.,  1902,  35,  2826. 

®  R.  J.  Meyer  and  Wuorinen,  Zeitsch.  anorg.  Chem.,  1913,  80,  7. 

®  Dennis  and  Dales,  J.  Amer.  Chem.  Soc.,  1902,  24,  401. 

*  Mosander,  Annalen,  1843,  48,  219  ;  Phil.  Mag.,  1843,  [iii.],  23,  251  ;  Kriiss,  Annalen, 
1891,  265,  1. 

®  James,  J.  Amer.  Chem.  Soc.,  1907,  29,  496 ;  Chem.  News,  1907,  95,  181. 

®  Holden  and  James,  J.  Amer.  Chem.  Soc.,  1914,  36,  1418. 

Uibain,  Bourion,  and  Maillard,  Compt.  rend.,  1909,  149,  127  ;  cf.  Pettersson,  Zeitsch. 
anorg.  Chem.,  1893,  4,  1. 
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(viii.)  Electrolysis  of  Aqueous  Salt  Sohitions} — The  procedure  necessary 
has  been  already  described  (see  p.  343).  By  this  method  yttria  may  be 
separated  from  the  erbia  earths  with  considerable  rapidity. 

(ix. )  Fractional  Decomposition  of  the  Sulphates  by  HeatS 

D.  General  Procedure. — In  nearly  all  cases  in  which  the  yttrium 
group  is  separated  by  fractional  crystallisation,  the  elements  separate  in 
“serial  order,”  with  dysprosium  in  the  least  and  lutecium  and  celtium  in  the 
most  soluble  fractions.  The  reverse  order  of  solubilities,  however,  holds  for 
the  dimethylphosphates. 

Separation  methods  which  depend  on  differences  of  basicity,  particularly 
the  precipitation  with  ammonia,  decomposition  of  the  nitrates,  and  crystallisa¬ 
tion  of  the  oxalates  from  nitric  acid,  received  considerable  attention  in  the 
early  days  of  rare  earth  chemistry.  In  all  such  methods  as  these,  yttria  acts 
as  the  strongest  base  present ;  erbia,  thulia,  ytterbia,  and  lutecia  as  much 
weaker  bases ;  and  dysprosia  and  holmia  as  bases  intermediate  in  strength. 
Accordingly,  by  applying  method  (C.  i.),  the  fractional  decomposition  of  the 
nitrates  by  heat,  yttria  may  be  largely  separated  from  the  other  earths.  It 
is  separated,  however,  in  an  impure  state,  being  contaminated  more  especially 
with  holmia  and  dysprosia,  and  also  with  terbia  and  gadolinia  if  these  earths 
are  present.  Impure  yttria  thus  obtained  from  a  mixture  of  yttrium  earths 
resists  fractionation  in  a  very  extraordinary  fashion,  so  much  so  that  in  1896 
Schiitzenberger  and  Boudouard,  as  the  result  of  their  experiments  on  the 
nitrate  method,  were  inclined  to  believe  that  among  the  elements  of  the 
yttrium  group  there  is  one,  of  atomic  weight  97,  that  had  previously  been 
overlooked.  The  oxide  of  this  new  “element,”  however,  as  Urbain  showed  in 
1900,  was  merely  yttria  contaminated  with  terbia,  gadolinia,  dysprosia,  and 
holmia,  in  spite  of  the  fact  that  it  could  not  be  fractionated  by  the  partial 
decomposition  of  the  nitrates,  or  the  fractional  crystallisation  of  the  sulphates, 
acetylacetonates,  etc.® 

From  the  preceding  remarks  it  will  be  seen  that  it  is  desirable  to  eliminate 
the  terbium  group,  dysprosium  and  holmium,  before  endeavouring  to  frac¬ 
tionate  the  remaining  earths  of  the  yttrium  group.  It  is  therefore  the  best 
plan  to  commence  by  fractional  crystallisation,  and  for  this  purpose  the 
ethylsulphates  or  bromates  should  be  selected.  The  method  of  procedure  in 
the  case  of  the  ethylsulphates  has  been  already  described  (p.  340),  and  the 
fractionation  of  the  bromates  may  be  carried  out  in  a  similar  manner.  The 
ethylsulphate  and  bromate  methods  may  to  a  certain  extent  be  looked  upon 
as  effecting  a  separation  into  three  sub-groups  :  (a)  the  least  soluble  fractions, 
in  which  dysprosium,  holmium,  and  yttrium  separate  in  the  order  named ; 
(y3)  the  middle  fractions,  constituting  the  greater  part  of  the  material  and 
consisting  essentially  of  yttrium  salt,  contaminated  chiefly  with  dysprosixim 
and  holmium  in  the  least  soluble,  and  with  erbium  in  the  most  soluble, 
fractions;  and  (y)  the  most  soluble  fractions,  in  which  erbium,  thulium. 


1  Kriiss,  Zeitsch.  anorg.  Chem.,  1893,  3,  60  ;  Dennis  and  Dales,  J,  Amer.  Chem.  Soo., 
1902,  24,  401  ;  Dennis  and  Lemon,  ibid.,  1915,  37,  131  ;  Dennis  and  van  der  Meulen, 
ibid.,  1915,  37,  1963  ;  Dennis,  U.S.A.  Pat.,  No.  1,115,513. 

^  Hofmann  and  Burger,  Ber.,  1908,  41,  308. 

3  Schiitzenberger  and  Boudouard,  Compt.  rend.,  1896,  122,  697  ;  1896,  123,  782;  Bull. 
Soc.  chim.,  1898,  [iii.],  19,  227,  236  ;  Boudouard,  Compt.  rend.,  1898,  126,  1648  ;  Bull.  Soc. 
chim.,  1898,  [iii.],  19,  603  ;  Urbain  and  Budischovsky,  Compt.  rend.,  1897,  124,  618  ;  Bull. 
Soc.  chim.,  1897,  [iii.],  V],  98  ;  Urbain,  Ann.  Chim.  Phys.,  1900,  [vii.],  19,  184  ;  Drossbach, 
Ber.,  1896,  29,  2452. 
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yttrium,  and  lutecium  separate  in  the  order  named.  The  terbium  group 
fractions,  if  any,  precede  the  (a)  fractions. 

The  (a)  fractions  serve  for  the  preparation  of  dysprosium  and  holmium. 
To  isolate  dysprosium  in  a  state  of  purity  it  is  necessary  to  prolong  the 
fractional  crystallisation  of  the  ethylsulphates  containing  dysprosium  until 
the  degree  of  hydrolysis  becomes  too  great  for  further  progress  to  be  made. 
By  this  means  terbium  may  be  satisfactorily  eliminated  in  the  least  soluble 
fractions.  For  further  purification  each  fraction  may  be  separately  converted 
into  the  nitrate  and  the  fractionation  continued  from  concentrated  nitric  acid. 
This  method  allows  a  very  slow  but  sure  separation  of  dysprosium  from 
holmium  to  be  accomplished.^  At  the  same  time  it  eliminates  terbium,  if 
present,  in  the  least  soluble  fractions,  and  this  may  be  greatly  facilitated  if 
a  large  quantity  of  bismuth  nitrate  is  added  (see  p.  328). 

The  separation  of  holmium  from  both  dysprosium  and  yttrium  is  an 
extremely  difficult  task.  Urbain  found  that  the  fractional  crystallisation  of 
the  ethylsulphates  enables  erbium,  thulium,  etc.,  to  be  separated  from  holmium 
very  satisfactorily,  and  also  brings  about  a  considerable  separation  between 
holmium  and  dysprosium;  and  that  the  subsequent  crystallisation  of  the 
nitrates  brings  about  the  elimination  of  the  remaining  dysprosium,  but  not 
the  yttrium.  He  suggested  that  the  most  satisfactory  methods  for  freeing 
holmium  from  yttrium  would  be  the  partial  decomposition  of  the  nitrates  by 
heat,  or  fractional  precipitation  of  the  hydroxides  with  ammonia,^  and  by 
employing  the  latter  method,  Holmberg  has  succeeded  in  obtaining  practi¬ 
cally  pure  holmia.® 

The  (/3)  fractions  consist  almost  entirely  of  yttrium  bromate  or  ethyl- 
sulphate  and  serve  for  the  isolation  of  yttrium.  For  this  purpose  the 
fractional  decomposition  of  the  nitrates  (p.  353),  the  fractional  precipitation 
of  the  chromates  (p.  352),  and  the  fractional  precipitation  of  the  basic  nitrites 
(p.  354)  are  suitable  methods ;  they  may  be  cheaply  employed  on  a  large 
scale,  and  the  first  method  introduces  no  volatile  reagent.  For  the  final 
purification  Lecoq  de  Boisbaudran  had  recourse  to  fractional  precipitation 
with  ammonia,  and  Oleve  to  fractional  crystallisation  of  the  oxalate  from  nitric 
acid  ;  B,.  J.  Meyer  and  Wuorinen  recommend  the  fractional  precipitation  of 
the  iodate  in  nitric  acid  solution.^ 

The  (y)  fractions  (p.  355)  contain  yttrium,  erbium,  thulium,  ytterbium, 
and  lutecium.  They  may  be  treated  by  either  of  the  following  methods  :  (i.) 
crystallisation  of  the  bromates,  or  (ii.)  crystallisation  of  the  nitrates  from 
nitric  acid  of  density  1‘3.  The  former  method  is  difficult  to  carry  out  with 
the  ytterbium  and  lutecium  fractions  owing  to  their  great  solubilitj'^,  and  the 
temperature  should  not  exceed  15°,  but  it  may  nevertheless  be  prolonged  for 
a  sufficient  length  of  time  to  enable  thulium  to  be  isolated  in  a  state  of 
purity.®  The  fractions  preceding  thulium  bromate  consist  of  yttrium  and 
erbium  bromates,  which  do  not  separate  appreciably.  From  them  erbium 


^  Urbain,  Oompt.  rend.,  1906,  142,  786  ;  1909,  149,  37. 

^  Urbain,  J.  Chim.  phys.,  1906,  4,  61-2 ;  Ann.  Chim.  Phys.,  1909,  [viii.],  i8,  278. 

^  Holmberg,  Arkiv  Kem.  Min.  Qeol.,  1911,  4,  Nos.  2,  10;  Zeitsch.  anorg.  Chem.,  1911, 

71,  226. 

^  Lecoq  de  Boisbaudran,  Compt.  rend.,  1886,  103,  627  ;  Cleve,  Hid.,  1882,  95,  1226  ; 
G.  and  E.  Urbain,  ibid.,  1901,  132,  136;  James  and  Pratt,  J,  Amer,  Chem.  Soc.,  1910, 
32,  873  ;  Egan  and  Balke,  ibid.,  1913,  35,  366  ;  R.  J.  Meyer  and  Wuorinen,  Zeitsch.  anorg. 
Chem.,  1913,  80,  7. 

®  James,  J.  Amor.  Chem.  Soc.,  1910,  32,  617  ;  1911,  33,  1332. 
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is  best  obtained  by  the  fractional  decomposition  of  the  nitrates  (p.  353),  the 
fractional  precipitation  of  the  basic  nitrites  (p.  364),  or  fractional  precipitation 
with  ammonia  (p.  352).  Pure  erbia  has  not  yet  been  obtained. 

The  crystallisation  of  the  simple  nitrates  has  been  studied  by  Urbain ;  it 
effects  the  separation  of  erbium,  thulium,  ytterbium,  and  lutecium  slowly, 
but  very  satisfactorily  but  up  to  the  present  only  one  of  these  elements  has 
been  thus  obtained  as  a  pure  salt,  namely,  ytterbium  {i.e.  neoytterbium). ^ 
Pure  lutecium  and  celtium  salts  have  yet  to  be  obtained. 

It  remains  to  be  mentioned  that  small  quantities  of  scandium  and  thorium 
may  occasionally  be  present  in  the  more  soluble  of  the  yttrium  group  fractions, 
the  latter  element  being  present  owing  to  its  incomplete  removal  at  the 
commencement.  They  may  be  readily  eliminated  by  fractional  sublimation 
of  the  chlorides,®  but  it  is  simpler  to  eliminate  the  scandium  by  R.  J.  Meyer’s 
silicofluoride  method,  which  is  described  in  connection  with  scandium 
(Chap.  IX.).  Any  remaining  thorium  may  then  be  eliminated  by  the 
hydrogen  peroxide  method  (p.  320).  It  is  still  simpler  to  eliminate  the  scan¬ 
dium  and  thorium  together  as  basic  thiosulphates  (p.  207). 

Tabular  Summary  of  General  Procedures. — The  following  tabular 
outlines  may  be  of  service  in  helping  the  reader  to  follow  the  preceding 
descriptions  ^ : — 


A.  Treatment  of  double  sulphates  insoluble  in  sodium  or  potassium  sulphate 
solution  (cerium  is  supposed  to  have  been  removed) — 

Convert  salts  into  the  nitrates,  add  the  requisite  amount 
of  magnesium  nitrate,  and  fractionate  from  water.i 
[La,  Pr,  Nd,  Sm,  Eu,  Gd,  Tb] 


I 

[La,  Pr] 

Convert  into  double 
ammonium  nitrates 
and  fractionate 
from  nitric  acid 


l!a 


Pr 


[Pr,  Nd] 

Convert  into  double 
manganese  nitrates 
and  fractionate 
from  nitric  acid 

I 

J 


I 

r 

Nd 


Pr 


1 

Nd 


[Sm,  Eu,  Gd,  Tb] 

Continue  fractionation 
from  nitric  acidl 


Sm 


[Sm,  Eu,  Gd,  Tb] 


Sm 


Continue  fractionation,  but  con¬ 
tinually  add  bismuth  magnesium 
nitrate  to  final  fraction 
^ 


eL  [Gd.^Tb] 

Convert  into  simple  nitrates,  add 
excess  of  bismuth  nitrate,  and 
fractionate  from  nitric  acid  ;  or 
convert  into  bromates  and 
fractionate  from  water 


oil 


I 


Bi 


A 


(i)y) 


1  If  the  most  soluble  portion  refuses  to  crystallise,  see  pp.  344,  349  lor  method  to  adopt. 


1  Urbain,  J.  Chim,  phys.,  1906,  4,  63  ;  Ann.  Chim.  Phys.,  1909,  [viii.],  18,  278 
Covipt.  rend.,  1907,  145,  759  ;  1908,  146,  406. 

2  Blumenfeld  and  Urbain,  Gomyt.  rend,,  1914,  159,  323. 

®  Urbain,  Bourion  and  Maillard,  Compt.  rend.,  1909,  149,  127. 

*  Compare  James,  J.  Amer.  Chem.  Soc,,  1908,  30,  979  ;  1912,  34,  757. 
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B.  Treatment  of  crude  yttrium  earths  left  in  solution  from  doxible  sulphate 
treatment — 

Convert  earths  into  ethylsulphates  or  bromates  and  crystallise  from  water. 

[Tb,  Dy,  Ho,  Y,  Er,  Tm,  Yb,  Xu,  (Ct), 
and  traces  of  Nd,  Sm,  Eu,  Gd] 


[Nd,  Sm,  Eu,  Gd,  Tb] 

Fractionate  by 
Table  A 


(1) 

[Tb,  Dy,  Ho,  Y] 

Convert  into  ethyl- 
sulphates  if  neces¬ 
sary  and  fraction¬ 
ate.  Then  convert 
into  nitrates  and 
fractionate  from 
nitric  acid  (separa¬ 
tion  of  Tb  and  Dy  is 
better  inpresenceof 
bismuth  nitrate) 


T^b 


(|3) 

Y 

(crude) 

Isolate  Y  by 
chromate  or 
other  suit¬ 
able  method 


4 

[Y,  Er,  Tm,  Yb,  Xu,  (Ct)] 

Continue  crystallisa¬ 
tion  of  the  bro- 
niates,  or  convert 
into  nitrates  and 
fractionate  from 
nitric  acid 

I 


Dy  [Hoi  Y] 

Fractionate 
by  precipi¬ 
tation  with 
ammonia 

I 

I  I 

Ho  Y 


I  I 

[Y,  Er]  Tm 

Apply  the  de¬ 
composition 
of  nitrates  or 
other  suit¬ 
able  method 


Yb 


1 

Lu 


^r 


(Ct) 


Homogeneity  op  the  Bare  Earth  Elements. 

Cerium. — The  homogeneity  of  cerium  was  first  doubted  by  Wolf  in 
1868.^  In  1885  Brauner  also  concluded  that  cerium  was  probably  complex, 
stating  that  “  under  certain  conditions  ‘  cerium  ’  may  consist  of  a  mixture. 
The  nature  of  this  admixture  must  be  ascertained  by  further  experiments.”  ^ 
Ten  years  later,  Brauner  stated  that  further  work  had  substantiated  his 
previous  conclusion,  and  he  announced  the  existence  of  ordinary  cerium 
(Ce  =  140‘2),  giving  a  nearly  white  dioxide,  and  metacerium,  having  a  higher 
atomic  weight  than  cerium  and  forming  a  dark  salmon-coloured  oxide.  He 
also  mentioned  seven  methods  by  which  metacerium  may  be  separated  more 
or  less  completely  from  cerium.® 

In  1895  Schiitzenberger  announced  that  cerium  was  complex,  and  in 
1897,  in  association  with  Boudouard,  he  declared  that  cerium  from  cerite  was 
different  from  the  cerium  contained  in  monazite.^  These  results,  however, 
were  shown  to  he  erroneous  by  Wyrouboff  and  Verneuil,  who,  in  the  course 
of  their  work  on  the  purification  of  ceria,  proved  the  insufficiency  of 
Schiitzenberger  and  Boudouard’s  methods  for  separating  cerium  from  thorium 
and  the  yttrium  group,  and  established  the  identity  of  ceria  from  cerite  with 
ceria  from  monazite.® 

In  1900  Drosshach  made  a  prolonged  series  of  crystallisations  of  ceric 


^  Wolf,  Amer.  J.  Sci.,  1868,  [ii.],  45,  53,  Wolf  died  before  his  investigations  were 
completed. 

^  Brauner,  Trans.  Chem.  Soe.,  1885,  47,  879  ;  Monatsh.,  1885,  6,  785. 

®  Brauner,  Chem.  News,  1896,  71,  283. 

^  Schiitzenberger,  Cempt.  rend.,  1895,  120,  663,  962  ;  Schiitzenberger  and  Boudouard, 
ibid.,  1897,  124,  481  ;  Boudouard,  ibid.,  1897,  125,  772,  1096.  See  also  Brauner,  Proc. 
Chem.  Soc.,  1898,  14,  69. 

Wyrouboff  and  Verneuil,  Compt,  rend.,  1897,  124,  1230,  1300  ;  125,  950,  1180. 
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ammonium  nitrate  prepared  from  250  kilos,  of  crude  cei’ous  carbonate,  but 
was  unable  to  find  any  ditferences  among  his  cerium  fractions.  ^  Since  this 
method  was  given  by  Brauner  as  one  by  which  metacerium  could  be  separated, 
Drossbach’s  results  throw  considerable  doubt  upon  the  work  of  Brauner. 
The  latter  chemist  returned  again  in  1903  to  the  question  of  the  purification 
of  ceria,  in  an  important  research  on  the  atomic  weight  of  cerium.  No  refer¬ 
ence  was  made,  however,  to  the  nature  of  metacerium. ^ 

At  the  present  time,  therefore,  it  must  be  admitted  that  the  existence  of 
metacerium  is  very  problematical. 

Lanthanum,  Praseodymium,  Neodymium,  and  Samarium. — It 

is  genei’ally  considered  that  when  the  cerium  has  been  removed  from  the 
cerium  group,  four  metals  remain,  namely,  lanthanum,  praseodymium, 
neodymium,  and  samarium.  These  elements  may  be  quantitatively  separated 
from  europium,  gadolinium,  etc.,  by  the  bismuth  magnesium  nitrate  method 
of  Urbain  and  Lacombe  (pp.  327,  349). 

The  homogeneity  of  each  of  the  elements  praseodymium,  neodymium, 
and  samarium  was  disputed  by  a  number  of  chemists  very  soon  after 
Welsbach’s  discovery  of  the  complexity  of  “didymium”  was  announced;^ 
and  in  later  years  others  have  also  denied  the  elementary  character  of  these 
substances.^  Their  opinions  have  been  based,  however,  almost  exclusively 
upon  observations  of  the  absorption  spectra,  and  there  is  little  doubt  that  they 
are  unjustified.® 

Demargay  devoted  considerable  attention  to  the  question  of  the  homo¬ 
geneity  of  neodymium  and  samarium.  By  fractionating  the  double 
ammonium  nitrates  he  isolated  a  large  quantity  of  the  neodymium  salt 
containing  only  a  trace  of  praseodymium.  This  material  was  submitted  to  a 
prolonged  series  of  crystallisations.  A  little  praseodymium  and  considerable 
quantities  of  samarium  were  thus  removed,  and  more  than  twenty  consecutive 
neodymium  fractions  obtained  which  presented  complete  identity  from  every 
point  of  view.  DemarQay  found  that  neodymium  thus  isolated  was  the  same 
whether  its  source  was  cerite,  samarskite,  or  mosandrite,  and  that  other 
methods  of  fractionation  led  to  the  same  conclusions.  Later  he  discovered  in 
the  fractional  crystallisation  of  the  double  magnesium  nitrates  a  rapid  method 
for  the  separation  of  neodymium  and  samariiim,  and  separated  several  kilo¬ 
grams  of  the  salts  of  these  elements  from  one  another,  reducing  the  inter¬ 
mediate  fractions  to  less  than  20  grams.  The  intermediate  fractions  showed 
only  the  superposed  spectra  of  neodymium  and  samarium,  and  prolonged 
fractionation  of  the  samarium  salt  failed  to  resolve  it  into  dissimilar  parts.® 


1  Drossbach,  Ber.,  1900,  33,  3506. 

2  Brauner  and  Batek,  anorg.  Chem.,  1903,  34,  103;  Brauner,  ibid.,  1903,  34, 

207. 

®  Kriiss  and  Nilson,  Ber.,  1887,  20,  1676,  2134,  3067 ;  1888,  21,  585,  2019  ;  Crookes, 
Chem,  Neivs,  1886,  54,  27  ;  C.  M.  Thompson,  ibid.,  1887,  55,  227  ;  Bettendorf,  Annalen, 
1890,  256,  159  ;  1891,  263,  164  ;  Becquerel,  Ann.  Chim.  Phys.,  1888,  [vi.],  14,  170,  257. 

*  Dennis  and  Chamot,  J.  Amer.  Chem.  Soc.,  1897,  19,  799  ;  Brauner,  Proc.  Chem.  Soc., 
1898,  14,  71  ;  Bohm,  Die  Zerlegbarheit  des  Praseodyms  u.  Darst.  selt.  Erd.  mit  Hilfe  einer 
neuen  Trennungsmethode  {K&We,  1900);  Zeitsch.  angew.  Chem.,  1903,  16,  1220;  Baskerville 
and  Turrentine,  J.  Amer.  Chem.  Soc.,  1904,  26,  46  ;  Baskerville  and  Stevenson,  ibid.,  1904, 
26  54.  Although  Baskerville  and  his  co-workers  speak  in  a  very  positive  manner  of  the 
complexity  of  praseodymium  and  neodymium,  none  of  their  attempts  succeeded  in  affording 
any  evidence  in  favour  of  this  view. 

5  See,  e.g.,  Demaryay,  Compt.  rend.,  1898,  126,  1039  (Nd) ;  Stahl,  Be  Radium,  1909,  6, 
215  (Nd,  Pr) ;  also  pp.  283-7. 

®  Deraar9ay,  Compt.  rend.,  1898,  126,  1039  ;  1900,  130,  1185. 
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Demar5ay’s  work  shows  clearly  that  the  ordinary  sources  of  the  rare 
earths  contain  no  significant  amount  of  an  element  intermediate  between 
neodymium  and  samarium,  and  argues  strongly  for  the  homogeneity  of  these 
elements.  The  subsequent  work  of  various  other  investigators  ^  affords  corro¬ 
borative  evidence  in  favour  of  Demarcay’s  conclusions.  The  homogeneity  of 
praseodymium,  however,  cannot  be  so  definitely  affirmed,  though  rnodern 
work  has  not  yielded  any  satisfactory  evidence  for  regarding  it  as  complex  ;  ^ 
moreover,  definite  information  with  respect  to  elements  intermediate 
betw^een  praseodymium  and  neodymium  is  lacking,  although  here  again 
modern  work  points  strongly  to  their  non-existence. 

Lanthana  may  be  defined  as  the  most  strongly  basic  of  the  ceria  earths, 
a  colourless  oxide  that  gives  rise  to  salts  devoid  of  absorption  spectra.  The 
question  of  its  homogeneity  has  been  studied  by  Brauner,  by  Cleve,  by 
Schiitzenberger,  and  by  Brauner  and  Pavlffiek.  In  1882  Brauner®  announced 
the  existence  of  a  new  earth,  intermediate  in  its  equivalent  weight  and  in  its 
basicity  between  lanthana  proper  and  “didymia.”  In  the  same  year,  Cleve  ^ 
thought  he  had  obtained  evidence  of  the  existence  of  a  similar  new  earth, 
which  he  provisionally  named  oxide  of  Di/3 ;  a  few  months  later,  however,® 
he  discovered  that  the  spark  line  A4333'5,  characteristic  of  Di^S,  really  belongs 
to  the  lanthanum  spectrum,  the  previous  measurement  of  its  wave-length  by 
Thalen  having  been  erroneous,  and  in  the  following  year,®  in  the  course  of  an 
important  research  on  the  atomic  weights  of  lanthanum  and  “didymium,” 
he  definitely  declared  against  the  existence  of  an  intermediate  element.  In 
1902  Brauner,  in  conjunction  with  PavlfSek,  returned  to  the  subject  and 
maintained  the  correctness  of  his  earlier  work.'^  According  to  Brauner,  when 
lanthana  is  fractionated  by  the  basic”  method,  the  least  basic  fractions 
contain  “  a  small  quantity  of  an  element  with  a  higher  atomic  weight  than 
that  of  lanthanum,”  and  the  new  element  “  gives  to  the  oxide  a  very  pale 
buff  tint.”  As  other  considerations  point  to  the  incorrectness  of  these  con¬ 
clusions,  it  is  desirable  that  further  work  on  the  homogeneity  of  lanthanum 
should  be  undertaken.® 

Europium,  Gadolinium,  Terbium,  and  Dysprosium. — Europiaand 
gadolinia  were  first  isolated  in  an  almost  pure  state  by  Demargay.  He  w’as 
not  satisfied,  however,  that  europia  was  a  homogeneous  substance,  chiefly 
owing  to  the  fact  that  it  gave  rise  to  salts  which  exhibited,  in  his  opinion, 

1  See,  e.g.,  Mutlimann  and  Weiss,  Annalen,  1904,  331,  1  ;  Feit  and  Przibylla,  Zeilsch. 
anorg.  Chem.,  1905,  43,  202  ;  1906,  50,  249  ;  Welsbach,  Sitzungsber.  K.  ATcad,  Wiss.  Wien, 
1903,  112,  II.  A,  1037  ;  Urbain  and  Lacombe,  Compt.  rend.,  1904,  138,  1166;  Urbain, 
J,  Ghim.  phys.,  1906,  4,  119;  Eberliard,  Zeitsch.  anorg.  Chem.,  1905,  45,  374;  Rech, 
Zeitsch.  wiss.  Photochem.,  1905,  3,  411  ;  Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  53,  83  ; 
Baxter  and  Chapin,  J.  Amer.  Chem.  Soc.,  1911,  33,  1  ;  Baskerville  and  Stevenson,  loc.  eit. 

^  See,  e.g.y  von  Scheele,  Zeitsch.  anorg.  Chem.,  1898,  17,  310;  Per.,  1899,  32,  409; 
Welsbach,  loc.  cit.  ;  Lacombe,  Soc.  chim.,  1904,  [iii.],  31,  670;  Chem.  News,  1904, 
89,  277  ;  Muthmann  and  Weiss,  loc.  cit.  ;  Feit  and  Przibylla,  loc,  cit.  ;  Rech,  loe.  cit.-, 
Baxter  and  Stewart,  J.  Amer.  Chem.  Soc.,  1915,  37,  516. 

®  Brauner,  Monatsh.,  1882,  3,  486. 

■*  Cleve,  Compt.  rend.,  1882,  94,  1528. 

“  Cleve,  ibid.,  1882,  95,  33. 

®  Cleve,  Bull.  Soc.  chim.,  1883,  [ii.],  39,  151,  289. 

^  Brauner  and  Pavli6ek,  Trans.  Chem.  Soc.,  1902,  81,  1243. 

®  In  1895  Schiitzenberger  (Comp<.  rend.,  1895,  120,  1143) declared  that  by  a  modification 
of  the  method  pf  decomposition  of  the  nitrates,  lanthana  could  be  resolved  into  dissimilar 
parts,  the  atomic  weight  of  lanthanum  varying  in  the  different  fractions  from  135  to  138. 
Brauner  and  Paylicek  {loc.  cit.)  have  shown,  however,  that  lanthana  prepared  by  Schiitzen- 
berger’s  method  is  contaminated  with  small  quantities  of  yttria. 
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abnormally  weak  absorption  spectra.^  The  question  of  the  homogeneity  of 
europia  and  gadolinia  was  subsequently  studied  with  great  care  by  Urbain, 
who  succeeded,  moreover,  in  isolating  terbia  and  dysprosia  and  including 
these  earths  also  within  the  scope  of  his  researches. ^ 

The  methods  employed  by  Urbain  in  effecting  the  separation  of  europia, 
gadolinia,  terbia,  and  dysprosia  were  in  nearly  all  cases  crystallisation  methods 
which  separate  these  earths  in  serial  order,  i.e.  the  order  in  which  they  have 
been  mentioned.  In  each  case,  the  isolation  of  a  pure  earth  was  shown  by 
the  constancy  of  the  spark  spectrum,  absoi’ption  spectrum  (visible  and  ultra¬ 
violet),  and  atomic  weight  throughout  a  series  of  fractions,  even  after  further 
fractionation  had  been  attempted.  Moreover,  the  intermediate  fractions  were 
reduced  to  as  small  amounts  as  possible  in  comparison  with  the  quantities  of 
pure  earths  isolated,  and  examined  for  indications  of  either  the  presence  of 
other  earths  or  the  decomposition  of  the  presumably  pure  earths  obtained. 
The  results  were  entirely  negative. 

In  the  case  of  europia,  Urbain  showed  that  the  earth  can  be  freed  entirely 
from  Samaria  and  gadolinia,  but  cannot  be  resolved  into  dissimilar  parts  by 
prolonged  fractionation  of  the  double  magnesium  nitrate  in  the  presence  of 
excess  of  the  corresponding  salt  of  bismuth ;  that  europia  isolated  by  the 
“  bismuth  ”  method  from  monazite  is  identical  with  the  earth  isolated  in  the 
same  manner  from  gadolinite,  xenotime,  or  pitchblende,  and  that  europia  thus 
prepared  is  identical  with  that  isolated  by  Demargay’s  process  (p.  341)  without 
the  addition  of  the  bismuth  salt. 

In  the  case  of  gadolinia,  Urbain  found  that  when  this  earth  has  been 
isolated  by  the  “  bismuth  ”  method,  and  shown  spectroscopically  and  by  its 
colour  to  be  free  from  all  but  traces  of  europia  and  terbia,  further  prolonged 
fractionation  of  the  double  nickel  nitrates  fails  to  resolve  it,  but  merely 
accumulates  the  europia  and  terbia  in  the  head  and  tail  fractions  respectively ; 
moreover,  that  gadolinia  extracted  from  gadolinite  is  identical  in  its  properties 
with  gadolinia  obtained  from  xenotime  or  pitchblende. 

The  spectral  characteristics  of  terbium  were  found  by  Urbain  to  indicate 
no  signs  whatever  of  the  complexity  of  that  element  when  its  separation  from 
gadolinium  and  dysprosium  is  eflfected  by  any  of  the  following  processes : 
fractional  crystallisation  of  the  nitrates  or  double  nickel  nitrates  from  nitric 
acid  and  of  the  ethylsulphates  from  water  or  alcohol,  fractional  precipitation 
with  ammonia,  and  fractional  decomposition  of  the  nitrates  by  heat.  Further, 
terbia  isolated  by  the  ammonia  method,  after  the  preliminary  application  of 
the  ethylsulphate  and  double  nickel  nitrate  processes,  is  identical  with  that 
obtained  by  crystallising  the  simple  nitrates  in  the  presence  of  excess  of 
bismuth  nitrate. 

Lastly,  Urbain  found  that  when  dysprosia  has  been  freed  as  far  as  possible 
from  impurities  by  crystallisation  of  the  ethylsulphates,  subsequent  fraction¬ 
ation  of  the  nitrates,  while  slowly  removing  the  holmia  and  more  rapidly 
eliminating  the  terbia,  fails  to  indicate  that  any  resolution  of  the  dysprosia 
occurs.  In  fact,  forty  consecutive  dysprosium  fractions  were  obtained  by  this 
method  of  preparation,  which  were  practically  identical  in  all  their  properties. 

A  very  careful  examination  of  the  arc  spectra  of  a  number  of  Urbain’s 


1  Demaiyay,  Compt.  rend.,  1896,  I22,  728;  1900,  130,  1469  ;  1901,  132,  1484  (Eu) ; 
ibid.,  1900,  131,  343  (Gd). 

2  See  particidarly,  Urbain,  J.  Chim.  phys.,  1906,  4,  31,  105,  232,  321  ;  Ann.  GMm. 
Phys.,  1909,  [viii.],  18,  222  ;  Compt.  rend.,  1906,  142,  785  ;  1909,  149,  37. 
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preparations  has  been  made  by  Eberhard,^  who  concludes  that  there  is  no 
evidence  for  the  complexity  of  europium,  gadolinium,  and  terbium,  or  for  the 
existence  of  intermediate  elements. 

From  the  work  of  Urbain,  then,  it  would  seem  legitimate  to  conclude  that 
europium,  gadolinium,  terbium,  and  dysprosium  are  all  well-defined  elements. 
The  homogeneity  of  terbium,  however,  has  been  disputed  by  Auer  von 
Welsbach,®  who,  in  fractionating  the  yttria  and  terbia  earths  by  his  double 
ammonium  oxalate  method  (p.  351),  obtained  indications  of  its  complexity. 
Welsbach  considers  terbium  to  be  probably  a  mixture  of  three  elements,  TbI., 
TblL,  and  TbIII.  His  conclusions,  however,  must  be  regarded  with  consider¬ 
able  suspicion  in  view  of  the  work  of  James  and  Bissel.^  These  experimenters 
found  in  the  fractional  crystallisation  of  the  bromates  an  extremely  efficient 
method  for  the  separation  of  gadolinium,  terbium,  and  dysprosium,  and,  on 
putting  this  method  into  practice,  isolated  only  one  element  from  the  fractions 
intermediate  between  gadolinium  and  dysprosium.  This  element  exhibited 
no  signs  of  being  complex  and  airswered  to  the  description  of  terbium  as 
given  by  Urbain.  The  balance  of  evidence  is  therefore  decidedly  in  favmur 
of  the  elementary  nature  of  terbium. 

The  Yttrium  Group. — Apart  from  dysprosium,  w'hich  has  been  dis¬ 
cussed,  the  following  members  of  this  group  receive  official  recognition  in 
the  1916  table  of  the  International  Committee  on  Atomic  Weights  :  holmium, 
yttrium,  erbium,  thulium,  ytterbium,  and  lutecium.  The  existence  of 
Urbain’s  celtium  awaits  confirmation. 

In  the  present  imperfect  state  of  chemical  knowledge  concerning  this 
group,  it  is  difficult  to  form  any  definite  conclusions  as  to  the  homogeneity  of 
the  above-mentioned  elements.  By  the  upholders  of  the  “  one  band — one 
element”  theory  (p.  287),  holmium,  erbium,  and  thulium  were  regarded  as 
complex,  and  a  number  of  later  experimenters  have  also  expressed  the  opinion 
that  these  elements  are  really  composite,  basing  their  conclusions  upon  a  study 
of  the  absorption  spectra.^  These  conclusions,  however,  are  most  probably 
erroneous,  the  comparisons  of  vaidous  absorption  spectra  not  having  been  made 
under  identical  conditions.®  In  the  case  of  thulium,  however,  Welsbach  ®  has 
given  the  wave-lengths  of  the  spark  lines  characteristic  of  each  of  the  three 
elements,  Tml.,  TmlL,  and  Tmlll.,  into  which  he  considers  thulium  can  be 
resolved,  and  briefly  described  the  three  new  earths ;  the  homogeneity  of 
thulium  is  therefore  questionable.  According  to  James,  the  method  of  frac¬ 
tionation  employed  by  Welsbach  is  decidedly  inferior  to  the  bromate  method 
for  the  isolation  of  thulium,  being  more  difficult  to  operate,  involving  many 
more  fractions,  and  effecting  the  separation  more  slowly ;  and  yet  a  prolonged 
fractionation  of  thulium  bromate,  involving  15,000  crystallisations,  failed  to 


1  Eberhard,  Zeitsch.  anorg.  Chem.,  1905,  45,  374;  Sitzungsher.  K.  Akad.  Wiss.  Berlin, 
1906,  p.  384  ;  Zeitsch.  wiss.  Photochem.,  1906,  4,  137. 

2  Auer  von  Welsbach,  Chem.  Zeit.,  1912,  35,  658. 

®  James  and  Bissel,  J.  Amer.  Chem.  Soc.,  1914,  36,  2060. 

*  Forsling  {Biha/ng  K.  Svenska  Vet.-Akad.  Handl.,  1902-3,  28,  II.,  No.  1)  denies  the 
elementary  nature  of  holmium.  Muthmann  and  Weiss  {Annalen,  1904,  331,  1),  Welsbach 
{Monatsh.,  1906,’  27,  935),  and  James  {J.  Amer.  Chem.  Soc.,  1907,  29,  498)  consider  erbium 
to  be  complex.  Marc  {Ber.,  1902,  35,  2382  ;  Chem.  News,  1902,  86,  73)  denies  the  existence 
of  thulium,  a  conclusion  that  is  unquestionably  erroneous. 

®  Thus  Langlet  {Arkiv  Kem.  Min.  Oeol.,  1907,  2,  No.  32)  contradicts  Forsling’s  con¬ 
clusions  as  to  the  nature  of  holmium,  and  James  (private  communication)  no  longer  maintains 
that  erbium  is  complex. 

®  Welsbach,  Monatsh.,  1911,  32,  373  ;  Zeitsch.  anorg.  Chem.,  1911,  71,  439. 
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resolve  it  into  dissimilar  parts.  He  accordingly  maintains  that  thulium  is 
really  an  element.^  Further  work  upon  thulium  is  therefore  necessary.^ 

It  is  at  present  (1916)  impossible  to  state  definitely  whether  there  exists 
any  element  intermediate  between  thulium  and  ytterbium,  but  according  to 
Blumenfeld  and  Urbain  ®  this  is  extremely  unlikely. 

There  is  little  or  no  doubt  as  to  the  homogeneity  of  yttrium.  At  one 
time,  however,  it  was  supposed  that  yttrium  is  accompanied  by  another 
element  of  atomic  weight  approximately  97.  This  supposition  was  finally 
disproved  by  Urbain  in  1900,  as  has  been  already  mentioned, ^  but,  while  the 
nature  of  this  supposed  element  was  in  doubt,  an  enterprising  firm  interested 
in  the  manufacture  of  incandescent  gas  mantles  was  enabled  to  “discover”  a 
new  element  hvcium  and  to  patent  methods  for  the  preparation  of  its  salts. 
The  new  “element,”  however,  had  but  a  brief  existence,  its  true  nature  being 
ascertained  by  Crookes.® 

The  Cathodic  Phosphorescence  Spectra  and  their  Bearing  on 
the  Homogeneity  of  the  Rare  Earth  Elements.  —  The  cathodic 
phosphorescence  spectra  of  the  rare  earth  compounds  have  been  discussed  at 
some  length  in  the  preceding  chapter  (see  p.  294).  From  the  account  there 
given  it  will  be  seen  that  the  study  of  these  spectra  clearly  indicates 
that  lanthana,  praseodymia,  neodymia,  samaria,  europia,  gadolinia,  terbia, 
dysprosia,  and  yttria  are  substances  of  the  same  degree  of  complexity, 
and  comparable  in  this  respect  with  alumina,  lime,  chromium  sesquioxide, 
and  other  oxides  the  metallic  constituents  of  which  are  recognised  without 
question  as  elementary  substances.  The  homogeneity  of  terbium  thus 
receives  additional  confirmation.  Further,  the  study  of  these  spectra 
affords  valuable  evidence  as  to  the  non-existence  of  any  elements  between 
samarium  and  holmium  other  than  europium,  gadolinium,  terbium,  and 
dysprosium. 

The  X-Ray  Spectra  and  their  Bearing  on  the  Homogeneity  of 
the  Rare  Earth  Elements. — The  nature  of  these  spectra  has  already  been 
briefly  indicated  (see  p.  312). 

In  fig.  37  ®  the  X-ray  spectra  of  the  elements  are  arranged  on  horizontal 
lines  spaced  at  equal  distances.  The  order  chosen  for  the  elements  is 
the  order  of  increasing  atomic  weights,  except  in  the  cases  of  A  and  K,  Ni 
and  Co,  I  and  Te,  where  this  order  clashes  with  that  required  by  the  Periodic 
Classification.  Further,  vacancies  have  been  left,  as  required  by  that 
classification,  between  molybdenum  and  ruthenium  and  between  tungsten 
and  osmium,  and,  in  addition,  one  vacancy  Kas  been  left  between  neodymium 
and  samarium  and  four  vacancies  between  erbium  and  tantalum.  This 


1  James,  J.  Amer.  Ohem.  Soe.,  1911,  33,  1332. 

2  It  may  be  remarked  that  in  1909  Urbain  stated  that  he  had  obtained  thulium  suflBciently 
pure  for  its  principal  characteristics  to  be  determined  with  accuracy,  although  the  fractions 
still  contained  a  little  erbium  or  ytterbium  according  to  their  position.  No  mention  was 
made  of  any  indications  of  its  complexity  ;  Urbain’s  method  of  preparation,  namely, 
fractional  crystallisation  of  the  nitrates,  differs  from  the  methods  of  Welsbach  and  James 
(see  Urbain,  Ann.  Chim.  Phys.,  1909,  [viii.],  18,  279). 

®  Blumenfeld  and  Urbain,  Compt.  rend.,  1914,  i59)  323. 

^  For  further  information  on  this  point,  and  references  to  the  literature,  see  p.  355. 

®  See  Barriere,  Chem.  Neivs,  1896,  74,  159,  212;  Crookes,  ibid.,  1896,  74,  259;  R. 
Fre.senius,  ibid.,  1896,  74,  269  ;  Shapleigh,  ihid.,  1897,  76,  41. 

The  “elements”  kosmium  and  neokosniium  (Kosmann,  Zeitsch.  Eleklrochein. ,  1896-7, 
p.  279  :  cf.  Winkler,  Ber.,  1897,  30,  13)  were  of  a  similar  nature  to  lucium. 

®  This  diagram  represents  the  results  given  by  Moseley,  Phil.  Mag.,  1914,  [vi.],  27,  709. 
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Fig.  37. — High-frequency  spectra  of  the  elements  (Moseley). 
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arrangement  of  the  elements  is  equivalent  to  assigning  to  successive  elements 
a  series  of  successive  characteristic  integers.  The  integer  N  for  Al,  the 
thirteenth  element,  has  been  taken  as  thirteen.  The  corresponding  integers 
for  the  other  elements  are  indicated  in  the  diagram  and  are  spoken  of  as  their 
atomic  numbers.  As  abscissae,  the  square  roots  of  the  frequencies  (v)  of  the 
lines  have  been  plotted. 

It  is  clear  from  the  diagram  that  when  the  values  of  N  are  plotted  against 
those  of  vi,  the  points  lie  on  a  series  of  smooth  curves  which  approximate 
closely  to  straight  lines.  Such  a  remarkable  relationship  between  the  X-ray 
spectra  of  the  elements  cannot  be  regarded  as  accidental ;  it  is  undoubtedly 
of  great  theorej^ical  importance.  The  deductions  that  may  be  drawn  from  it 
in  connection  with  the  rare  earths  are  as  follows  :  (i.)  an  element,  presumably 
intermediate  in  atomic  weight  between  Nd  (144‘3)  and  Sm  (150'4),  has  yet 
to  be  discovered,  (ii.)  terbium  and  holmium  must  be  regarded  as  elementary 
substances,  and  (iii.)  four  rare  earth  elements  come  between  erbium  (167 ‘7) 
and  tantalum  (181'5).  With  regard  to  (iii.),  it  follows  that  thulium  cannot 
be  a  mixture  of  three  elements,  as  Welsbach  maintains,  since  ytterbium  and 
lutecium  must  account  for  two  of  the  available  places ;  if,  on  the  other  hand, 
thulium  is  really  elementary,  the  existence  of  celtium  becomes  very  probable, 
the  four  blanks  being  presumably  filled  in  order  by  thulium,  ytterbium, 
lutecium,  and  celtium.  • 

Granting,  then,  the  existence  of  celtium,  it  would  appear  that  all  the  rare 
earth  elements  at  present  recognised  are  really  elementary  substances,^  and 
that  only  one  other  remains  to  be  discovered.  That  this  unknown  element 
should  come  between  neodymium  and  samarium  is,  however,  surprising  in 
view  of  the  negative  result  obtained  by  Demar9ay  in  his  search  for  such 
an  element  (p.  359).  It  may  be  that  the  missing  element  is  extremely  rare, 
and  occurs  in  some  rare  earth  minerals  but  not  in  others,  as  celtium 
appears  to  do ;  with  this  possibility  in  view,  search  is  now  being  made  for 
it  by  James.^ 

Further  work  on  the  X-ray  spectra  of  the  rare  earth  elements  will  be 
awaited  with  considerable  interest. 

Detection  and  Estimation  of  the  Rare  Earths.^ 

Qualitative  Analysis. — The  analytical  reactions  of  the  rare  earth 
elements  are  summarised  in  the  accompanying  table,  in  which  the  reactions 
of  scandium,  titanium,  zirconium,  and  thorium  have  been  included  for 
purposes  of  comparison.  A  number  of  special  tests  for  cerium  are  known, 
ljut  characteristic  reactions  for  the  other  rare  earth  elements  are  lacking ; 
the  formation  of  a  blue  adsorption  compound  of  basic  lanthanum  acetate  and 
iodine,  for  instance,  which  has  been  proposed  as  a  test  for  lanthanum,  is  not 


^  That  is  to  say,  they  have  as  much  right  to  the  title  of  “  element  ”  as  have  the  sub¬ 
stances  ordinarily  recognised  as  elements. 

*  Prof.  James  ;  private  communication  to  the  author.  It  may  be  mentioned  here  that 
in  working  up  the  rare  earths  from  certain  minerals,  Prof.  James  has  observed  that  small 
quantities  of  a  radioactive  substance  concentrate  in  the  samarium  fractions.  Further  work 
on  this  point  is  in  progress. 

®  For  further  information  on  this  subject,  see  R.  J.  Meyer  and  0.  Hauser,  Die  Analyse 
der  seltenen  Erden  und  der  Erdsduren  (Enke,  Stuttgart,  1912) ;  Mellor,  A  Treatise  on 
Quantitative  Analysis  (C.  Griffin  &  Co.,  Ltd.,  1913).  On  the  analysis  of  cerium  alloys  see 
also  Arnold,  Zeitsch.  anal.  Chem.,  1914,  53,  496,  678  ;  Bellucci,  Ann.  Chim.  Applicata,  1914, 
2,  366. 
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a  specific  reaction  of  that  element,  for  it  is  given  by  praseodymium  and 
possibly  by  other  rare  earth  elements  (see  pp.  410  and  416). ^ 

Special  reactions  of  cerium  salts  are  as  follows  : — 

(i.)  To  a  slightly  acid  or  neutral  solution  of  a  cerous  salt,  hydrogen 
peroxide  and  an  excess  of  ammonium  acetate  are  added,  and  the  mixture 
warmed  to  40°-60°.  A  yellowish-brown  precipitate  of  basic  perceric  acetate 
is  produced  even  when  only  1  part  of  cerium  is  present  in  10,000  of  solution 
(Hartley’s  reaction). ^ 

(ii.)  Very  dilute  ammonia  is  added,  drop  by  drop,  to  a  solution  of  a 
cerous  salt  until  a  permanent  precipitate  just  commences  to  form.  A  few 
drops  of  hydrogen  peroxide  are  added  and  the  mixture  w^ell  shaken.  A 
yellow  precipitate  or  coloration  is  produced  even  when  only  traces  of  ceria 
are  present  and  other  rare  earths  present  in  quantity.® 

(iii.)  A  solution  of  a  cerous  salt  is  warmed  with  very  concentrated 
potassium  carbonate  solution,  and  a  little  hydrogen  peroxide  added  to  the 
clear  solution ;  the  solution  turns  yellow  even  when  only  a  trace  of  cerium 
is  present.^ 

(iv.)  A  solution  of  a  cerous  salt  is  boiled  with  an  ammoniacal  solution  of 
ammonium  tartrate ;  it  turns  dark  brown  owing  to  oxidation.  When  traces 
of  cerium  are  sought,  the  oxidation  may  be  accomplished  by  means  of 
hydrogen  peroxide.® 

(vi.)  The  lead  peroxide,  sodium  bismuthate,  and  ammonium  persulphate 
methods  mentioned  later  in  connection  with  quantitative  analysis  (p.  373) 
may  be  utilised  as  qualitative  tests  for  cerium. 

(vii.)  Ammoniacal  silver  nitrate  is  added  to  a  neutral  solution  of  a  cerous 
salt  and  the  mixture  warmed;  a  brown  coloration  or  black  precipitate  is 
produced  according  to  the  amount  of  cerium  present.® 

(viii.)  The  cerium  solution  is  made  alkaline  with  sodium  hydroxide, 
evaporated  to  dryness,  and  a  drop  of  a  solution  of  strychnine  in  excess  of 
sulphuric  acid  added.  The  solution  turns  blue  or  violet  in  colour  and  then 
becomes  red.^ 

The  usual  methods  for  separating  the  rare  earth  elements  from  other 
metals  in  the  course  of  analysis  utilise  the  insolubility  of  (i.)  the  hydroxides 
in  ammonia,  (ii.)  the  fluorides  in  dilute  hydrofluoric  acid,  and  (iii.)  the  oxalates 
in  dilute  mineral  acids.  The  following  process  may  be  employed.  The 
metals  that  form  insoluble  chlorides  and  sulphides  insoluble  in  dilute  hydro¬ 
chloric  acid  are  removed,  hydrogen  sulphide  expelled  from  the  filtrate, 
and  ammonium  chloride  and  ammonia  then  added.  The  precipitate  is 
dissolved  in  hydrochloric  acid,  the  solution  evaporated  to  dryness,  a  decided 


1  Praseodymiuni  gives  a  yellowisli-green  borax  bead  in  the  oxidi.^iiig,  and  a  green  bead 
in  the  reducing  flame  ;  neodymium  gives  a  violet  bead  in  the  reducing  flame.  The  colours 
are  seen  only  with  cold  beads  (Milbauer,  Zeitsch.  anal.  Chem.,  1907,  46,  657).  On  the 
microcheviical  tests  for  the  rare  earths,  see  Pozzi-Escot  and  Couquet,  Compt.  rend.,  1900, 
130,  1136  ;  Behrens,  Arch.  Nierland.,  1901,  [ii.],  6,  67  ;  Ree.  trav.  chim.,  1905,  23,  413  ; 
R.  J.  Meyer,  Zeitsch,  anorg.  Chem.,  1902,  33,  113. 

®  Hartley,  Trans.  Chem.  Soc,,  1882,  41,  202 ;  Dennis  and  Magee,  J.  Amer.  Chem.  Soc,, 
1894,  16,  649. 

®  Lecoq  de  Boisbaudran,  Compt.  rend.,  1885,  100,  605  ;  Cleve,  Bull.  Soc.  chim.,  1885, 
[ii.],  43,  57  ;  Dennis  and  Magee,  loc.  cit.  ;  Marc,  Ber,,  1902,  35,  2370. 

*  Job,  Compt.  rend.,  1898,  126,  246  ;  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1904,  41,  94. 

®  Wirth,  Chem.  Zeit.,  1913,  37,  773. 

®  W.  Biltz  and  Zimmermann,  Ber.,  1907,  40,  4979. 

’’  Sonnenschein,  Ber,,  1870,  3,  631 ;  Bull.  Soc.  chim.,  1870,  [ii.],  14,  201  ;  Plugge, 
Arch.  Pharm.,  1891,  229,  558  ;  Dennis  and  Magee,  loc.  cit. 
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excess  of  hydrofluoric  acid  added  to  the  residue,  and  the  liquid  boiled  for 
a  minute  or  two.  The  residue  of  fluorides  is  filtered  off’,  heated  with  con¬ 
centrated  sulphuric  acid,  the  sulphates  dissolved  in  water,  and  any  barium, 
strontium,  or  calcium  sulphate  removed  by  filtration.  The  rare  earth 
elements  are  then  precipitated  from  the  filtrate  by  the  addition  of  ammonia. 
They  are  free  from  titanium  and  zirconium,  but  contain  any  scandium  and 
thorium  originally , present.^ 

For  the  qualitative  separation  of  the  rare  earths  themselves,  so  far  as 
this  is  usually  attempted,  the  methods  given  for  their  quantitative  separation 
may  be  followed.  , 

Quantitative  Analysis. — In  the  absence  of  other  elements,  a  rare  earth 
element  is  usually  estimated  by  precipitation  as  oxalate,  followed  by  ignition 
to  the  oxide,  precipitation  is  preferably  made  from  a  boiling,  dilute  nitrate 
solution,  slightly  acidified  with  nitric  acid,  by  the  addition  of  oxalic  acid ;  ^  the 
oxide  finally  obtained  from  a  chloride  solution  is  very  liable  to  contain  traces 
of  basic  chloride,  presumably  derived  from  oxalochloride  co-precipitated  with 
the  oxalate.®  The  oxalate  precipitate  should  be  allowed  to  stand  for  several 
hours  (preferably  overnight)  before  it  is  filtered.  The  oxide  finally  obtained 
should  be  strongly  ignited ;  ceria,  for  instance,  as  obtained  from  cerous  oxalate 
by  heating  over  a  Bunsen  burner,  loses  0‘5-0‘7  per  cent,  of  its  weight  when 
ignited  over  the  blowpipe.^  In  all  but  three  cases,  the  oxide  obtained  is  the 
sesquioxide,  MgOg ;  cerium,  however,  leaves  the  dioxide,  CeOg,  and  praseo¬ 
dymium  and  terbium  are  obtained  as  peroxides  which  may  be  assumed  ®  to 
have  the  composition  M^Oy ;  as  alternatives,  their  peroxidic  oxygen  may  be 
determined  iodimetrically,  or  the  peroxides  may  be  reduced  to  sesquioxides 
by  heating  in  hydrogen.  In  weighing  the  sesquioxides  it  should  be  borne 
in  mind  that  they  take  up  moisture  and  carbon  dioxide  from  the  air 
fairly  rapidly. 

The  use  of  an  alkali  oxalate  as  precipitant  instead  of  oxalic  acid  has  been 
carefully  studied  by  Baxter,  Griffin,  and  Daudt,®  who  have  found  that,  in 
neutral  solution,  co-precipitation  of  alkali  oxalate  occurs  to  a  very  appreci¬ 
able  extent,  except  with  sodium  oxalate,  which  is  only  carried  down  in  small 
amounts.  The  contamination  increases  with  rise  of  temperature,  but  may 
usually  be  greatly  diminished  if  precipitation  is  conducted  in  the  presence 
of  a  quantity  of  a  strong  acid  considerably  more  than  equivalent  to  the 
oxalate  added.  Contamination  with  ammonium  oxalate  is,  of  course,  unim¬ 
portant  for  the  gravimetric  determination  of  the  rare  earth,  but  is  as  serious 
as  contamination  with  any  other  oxalate  when  it  is  desired  to  carry  out  the 
estimation  volumetrically  by  titrating  the  rare  earth  oxalate.'^ 

A  convenient  alternative  to  the  precipitation  as  oxalate  is  the  precipita¬ 
tion  as  sebacate,  effected  by  adding  ammonium  sebacate  to  a  boiling,  neutral 
solution  of  the  nitrate.®  Precipitation  as  hydroxide  is  also  satisfactory  when 

’  See  A.  A.  Noyes,  Bray,  and  Spear,  J.  Amer.  Chem.  Soc.,  1908,  30,  481. 

^  See,  e.g.,  Lenher,  J.  Amer.  Chevi.  Soc.,  1908,  30,  677. 

®  See,  e.g.,  Job,  Gompt.  rend.,  1898,  126,  246;  Matignon,  Ann.  Chim.  Phys.,  1906, 
[viii.],  8,  245. 

*  Wyroubolf  and  Verneuil,  Ann.  Chim.  Phys.,  1906,  [viii.],  9,  297. 

^  Welsbach,  Monatsh.,  1885,  6,  477  ;  Baxter  and  Griffin,  J.  Amer.  Chem.  Soc.,  1906, 
28,  1684  ;  Urbain  and  Jantsch,  Gompt.  rend.,  1908,  146,  127. 

®  Baxter  and  Griffin,  J.  Amer.  Chem.  Soc.,  1906,  28,  1684  ;  Baxter  and  Daudt,  ibid., 
1908,  30,  563. 

’’  For  the  titration,  see  the  references  cited  on  p.  242. 

®  Whitteniore  and  James,  J.  Amer.  Chem.  Soc.,  1912,  34,  772  ;  1913,  35,  129. 
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precipitation  is  made  by  means  of  ammonia  from  a  nitrate  solution.  Co¬ 
precipitation  of  basic  chloride  when  the  chloride  is  used  leads  to  results 
that  are  slightly  high ;  on  the  other  hand,  adsorption  of  alkali  leads  to  very 
high  results  if  sodium  or  potassium  hydroxide  is  used  as  precipitant.  ^ 
Matignon  has  recommended  the  determination  of  the  rare  earths  by  weigh¬ 
ing  them  as  the  anhydrous  sulphates} 

Separation  of  the  Rare  Earth  Elements  from  other  Metals. — It  might  be 
anticipated  that  the  separation  of  the  rare  earth  elements  from  sodium  or 
potassium  could  readily  be  accomplished  by  precipitation  with  ammonia  or 
oxalic  acid.  Such,  however,  is  not  the  case,  for  appreciable  quantities  of 
alkali  compounds  are  co-precipitated.  A  satisfactory  separation  is  afforded, 
however,  by  precipitation  with  ammonium  sebacate  from  a  boiling,  neutral 
solution  of  the  nitrate.®  The  fluoride  method  also  appears  to  be  satisfactory. 
A  quantitative  separation  from  lithium  may  be  effected  with  oxalic  acid  if 
the  precipitation  is  made  in  a  cold  solution  in  the  presence  of  ammonium 
chloride.^ 

The  first  steps  taken  in  effecting  the  quantitative  separation  of  the  rare 
earth  elements  are  usually  the  same  as  those  followed  in  qualitative  work ; 
metals  which  form  chlorides  or  sulphides  insoluble  in  dilute  hydrochloric  acid 
are  removed  in  the  usual  manner,  the  filtrate  freed  from  hydrogen  sulphide, 
and  the  rare  earth  elements  then  precipitated  as  hydroxides  by  the  addition 
of  ammonium  chloride  and  ammonia.  Iron,  aluminium,  chromium,  glucinum, 
zirconium,  thorium,  uranium,  and  titanium  may  be  co-precipitated,  while  an 
almost  complete  separation  from  zinc,  manganese,  nickel,  cobalt,  magnesium, 
and  the  alkali  and  alkaline-earth  metals  is  obtained.  The  separation  may  be 
rendered  more  efficient,  if  necessary,  by  solution  of  the  precipitate  in  acid 
and  reprecipitation  with  ammonia.  In  rare  earth  mineral  analysis,  chromium, 
zinc,  nickel,  cobalt,  barium,  strontium,  and  the  alkali  metals  are  seldom 
encountered,  while  titanium  is  usually  removed  at  the  commencement. 

The  rare  earth  elements  are  separated  from  the  other  metals  contained  in 
the  ammonia  precipitate  by  means  of  oxalic  acid.  When  the  cerium  group 
predominates,  the  following  conditions  are  most  suitable.®  The  precipitate  is 
dissolved  in  hydrochloric  acid,  the  concentration  of  the  acid  being  adjusted 
so  as  to  be  between  0‘25N  and  O'bN,  and  60  c.c.  of  acid  being  used  for  a  gram 
of  mixed  earths.  Precipitation  is  then  effected  by  the  addition  of  sufficient 
oxalic  acid  for  the  final  liquid  to  contain  3  grams  of  oxalic  acid  per  100  c.c., 
and  the  whole  maintained  at  about  60°  for  twelve  hours.  The  best  conditions 
when  the  yttrium  group  predominates  require  to  be  investigated. 

The  rare  earth  elements  are  thus  separated  as  oxalates,  but  still  in 
association  with  thorium.  With  respect  to  the  separation  from  the  other 
metals,  it  has  been  observed  that  the  rare  earth  oxalates  are  appreciably 
soluble  in  solutions  of  uranyl  salts,®  and  also,  though  to  a  less  extent,  in 
ferric  and  aluminium  salts,’*'  complex  uranyloxalates,  etc.,  being  produced , 
hence  a  considerable  excess  of  oxalic  acid  has  to  be  added  to  effect  a  quantita- 

^  T.  0.  Smith  and  James,  J.  Amer,  Ghetn.  Soc.,  1914,  36,  909  ;  Cliem.  News,  1914, 
109,  219. 

2  Matignon,  Ann.  Gliim.  Phys,,  1906,  [viiL],  8,  247. 

^  Whittemore  and  James,  J.  Amer.  Ghent.  Soc.,  1912,  34,  772  (Y)  ;  1913,  35,  129  (La, 
Ce,  Nd).  In  the  case  of  Y — K  mixtures,  double  precipitation  is  necessary. 

^  Whittemore  and  James,  ibid.,  1912,  34,  772  (Y). 

®  Hauser  and  Wirth,  Zeitsch.  anal.  Chem.,  1908,  47,  389, 

®  Hauser,  Zeitsch.  anal.  Chem.,  1908,  47,  677. 

’’  Dittrich,  Ber.,  1908,  41,  4873. 
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tive  precipitation,  and  the  determination  of  small  amounts  of  rare  earths  in 
uranium  minerals  is  rendered  very  difficult.^ 

The  separation  of  the  rare  earth  elements  from  thorium  is  most  con¬ 
veniently  dealt  with  in  a  separate  section,  but  at  this  point  the  methods  for 
opening  up  rare  earth  minerals  for  analysis  may  be  mentioned.  As  a  matter 
of  fact  they  have  already  been  enumerated  at  the  beginning  of  this  chapter 
(see  p.  318).  Silicates  may,  if  necessary,  be  fused  with  sodium  carbonate,  but 
as  a  rule  they  may  be  completely  decomposed  by  evaporation  with  aqua  regia. 
Phosphates,  such  as  monazite  and  xenotime,  may  also  be  decomposed  by  fusion 
with  sodium  carbonate  or  fusion  mixture,  and  removal  of  the  alkali  phosphate 
produced  by  extracting  with  dilute  sodium  hydroxide,^  although  monazite  is 
usually  treated  with  sulphuric  acid  or  sodium  bisulphate.^  The  columho- 
tantalates  and  related  minerals  may  be  attacked  by  one  of  three  methods, 
(i.)  The  mineral  is  fused  with  an  excess  of  sodium  bisulphate.  The  mass  is 
extracted  with  water,  the  solution  largely  diluted,  and  boiled  for  several  hours 
in  a  flask  fitted  with  a  reflux  condenser.  If  titanium  can  then  be  detected 
in  the  liquid,  the  free  acid  present  is  partially  neutralised  with  ammonia  and 
the  boiling  continued  until  the  titanium  is  entirely  precipitated.  The  liquid 
is  then  filtered ;  it  contains  all  the  rare  earth  elements,  thorium,  zirconium 
(part),  uranium,  etc.,  while  the  residue  may  contain  columbic,  tantalic,  titanic, 
tungstic,^  stannic,  and  silicic  acids,  zirconium  (part),  iron  (part),  and  sparingly 
soluble  sulphates  or  basic  sulphates  such  as  those  of  lead,  mercury,  bismuth, 
etc.  (ii.)  The  finely  powdered  mineral  is  decomposed  by  means  of  hydro¬ 
fluoric  acid  (see  p.  319).  (iii.)  The  mineral,  contained  in  a  porcelain  or  silica 
boat,  is  placed  in  a  combustion  tube  and  heated  to  dull  redness  in  a  stream 
of  the  vapour  of  disulphur  dichloride.  Columbium,  tantalum,  titanium,  and 
tungsten  are  thus  removed  as  volatile  chlorides  or  oxychlorides,  and  collected 
in  dilute  nitric  acid,  together  with  some  or  all  of  the  volatile  chlorides  of  iron 
and  aluminium.  When  decomposition  is  complete,  the  residual  chlorides 
in  the  boat  are  cooled  in  a  stream  of  hydrogen  chloride  and  their  analysis 
effected  in  the  manner  already  described.® 

Traces  of  rare  earths  are  occasionally  found  in  silicate  rocks,  and  may 
be  determined  as  follows.  The  powdered  rock  is  partially  evapoi’ated  with 
hydrofluoric  acid  several  times,  the  insoluble  fluorides  or  silicofluorides 
separated  by  filtration  and  converted  into  sulphates  by  means  of  concentrated 
sulphuric  acid.  The  filtered  solution  of  the  sulphates  in  dilute  hydrochloric 
acid  is  precipitated  with  ammonia,  the  precipitate  dissolved  in  hydrochloric 
acid,  and  the  rare  earths  precipitated  as  oxalates.® 

^  According  to  Whittemore  and  James  {J.  Amer.  Cheni.  Soc.,  1912,  34,  772),  yttrium  is 
satisfactorily  separated  from  iron,  aluminium,  and  magnesium  by  precipitation  with  oxalic 
acid  in  a  cold  solution  to  which  ammonium  chloride  has  been  added.  Smith  and  James  {ibid. , 
1913,  35,  563)  have  shown  that  precipitation  with  oxalic  acid  in  a  slightly  acid  solution 
gives  a  satisfactory  separation  of  neodymium  from  titanium,  uranium,  glucinum,  zirconium, 
and  barium. 

See,  e.g.,  Chesneau,  Compt.  rend.,  1911,  153,  429. 

®  See,  e.g.,  Glaser,  J.  Amer.  Chem.  Soc.,  1896,  18,  782;  Cliem.  Zeit.,  1896,20,  612; 
Fresenius  and  Hintz,  Zcitsch.  anal.  Chem.,  1896,  35,  525;  Hintz  and  Weber,  fWd.,  1897, 
36,  27,  676  ;  Benz,  Zeitseh.  angew.  Chem.,  1902,  15,  297  ;  Johnstone,  J.  Soc.  Chem.  Ind., 
33,  55.  For  another  method  of  attacking  phosphates,  see  Barlot  and  Chauvenet, 
Compt.  rend.,  1913,  157,  1153. 

^  On  the  separation  from  tungsten,  see  also  Wunder  and  Schajiria,  Ann.  Chim.  anal., 
1913,  18,  257.  ®  Hicks,  J.  Amer.  Chem.  Soc.,  1911,  33,  1492. 

®  W.  F.  Hillebrand,  The  Analysis  of  Silicate  and  Carbonate  Hocks  {“  Bull.  U.S.  Geol, 
Survey,”  1910,  No.  422),  p.  143,  where  an  alternative  procedure  will  also  be  found. 
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Separation  of  Thorium  from  the  Rare  Earth  Elements. — The  mixed  oxalates 
of  the  rare  earth  elements  and  thorium  are  converted  into  the  nitrates  by 
heating  on  the  steam-bath  with  a  mixture  of  ordinary  concentrated  nitric 
acid  and  the  fuming  acid.^  The  liquid  is  evaporated  to  dryness  and  the 
residue  dissolved  in  100  c.c.  of  10  per  cent,  ammonium  nitrate.  The  solution  is 
warmed  to  60°-80°  C.,  and  the  thorium  precipitated  by  the  addition  of  pure 
3  per  cent,  hydrogen  peroxide.  The  precipitate  is  filtered,  washed  with  hot 
dilute  ammonium  nitrate,  ignited  wet  in  a  platinum  crucible,  and  weighed  as 
thoria,  Th02.  This  method  gives  very  good  results  ;  ^  for  great  accuracy,  the 
moist  precipitate  may  be  dissolved  in  nitric  acid  and  the  thorium  reprecipitated 
as  peroxide.^ 

Alternative  methods  are  the  thiosulphate,  iodate,  pyrophosphate,  hypo- 
phosphate,  fumarate,  meta-nitrobenzoate,  lead  carbonate  and  sebacate  pro¬ 
cesses  mentioned  earlier  in  this  chapter  (see  p.  321,  where  references  to  the 
literature  will  be  found),  precipitation  as  basic  thorium  acetate,^  precipitation 
of  the  thorium  as  hydroxide  by  certain  weak  organic  bases,®  volatilisation  of 
the  thorium  as  the  chloride,®  etc.  The  thiosulphate  method  is  the  oldest  and 
one  of  the  most  convenient.  It  is  rather  tedious  to  carry  out  when  results  of 
a  high  degree  of  accuracy  are  required,'^  hut  for  many  purposes  the  procedure 
may  be  simplified.  Precipitation  should  he  effected  from  a  dilute  solution  of 
the  mixed  chlorides  after  having  evaporated  it  to  dryness  or  added  ammonia 
to  expel  or  neutralise  free  acids,  and  the  sodium  thiosulphate  added  should 
be  at  least  equivalent  to  the  total  rare  earths  present.  After  boiling  for 
fifteen  minutes  only  a  trace  of  thorium  remains  in  solution ;  but,  unless  the 
thoria  constitutes  some  90  per  cent,  or  more  of  the  total  earths,  the  precipitate 
contains  small  amounts  of  earths  other  than  thoria,  which  must  he  removed 
by  a  second  precipitation.  A  third  precipitation  is  seldom  necessary. 

Separation  of  the  Rare  Earth  Elements  from  One  Another. — 
A  general  solution  of  this  problem  is  not  yet  known.  As  a  rule  the  cerium 
is  determined  and  an  approximate  separation  of  the  remaining  elements  into 
the  cerium  and  yttrium  groups  effected.  Two  methods  of  procedure  are 
available  :  (i.)  the  cerium  is  separated  first  by  a  suitable  gravimetric  method, 
and  (ii.)  the  separation  into  the  cerium  and  yttrium  groups  is  carried  out 
first,  and  the  cerium  subsequently  estimated  either  gravimetrically  or 
volumetrically.® 

1  Cf.  Borelli,  Gazzetta,  1909,  39,  i.  42.t. 

2  According  to  R.  C.  Wells  (/.  Soc.  Chem.  Ind.,  1910,  29,  1304),  this  results  from  the 
balancing  of  slight  positive  and  negative  errors. 

3  Wyrouboffand  Verneuil,  Bull.  Soe.  chini.,  1897,  [iii.],  ij,  679  ;  1898,  19,  219  ;  Gompt. 
rend.,  1898,  126,  340;  127,  412;  Ann.  Chini.  Phys,,  1905,  [viii.],  6,  489;  Benz,  Zeitsch. 
angew.  Chem,,  1902,  15,  297. 

^  Mingaye,  Records  Oeol.  Survey  N.S.  Wales,  1909,  8,  276. 

®  Miss  Jefferson,  J.  Amer.  Chem.  Soc.,  1902,  24,  540  ;  Hartwell,  ibid.,  1903,  25,  1128. 

®  Bourion,  Ann.  Chim.  Phys.,  1910,  [viii.],  21,  109. 

’  For  the  necessary  procedure,  see  White,  Lecture  on  Thorium  and  its  Compounds  (The 
Institute  of  Chemistry,  1912);  cf.  Johnstone,  J.  Soc.  Chem.  Ind.,  1914,  33,  55,  and  the 
references  cited  on  p.  321. 

®  When  procedure  (ii.)  is  employed  and  the  cerium  determined  volumetrically,  the 
volumetric  analysis  is  made  after  the  weight  of  the  total  rare  earths  of  the  cerium  group, 
including  the  ceria,  has  been  ascertained  ;  the  ceria  ^earths  other  than  ceria  may  then  be 
calculated.  This  latter  result,  however,  will  be  slightly  in  excess  of  the  true  value  owing 
to  the  presence  of  praseodymium  dioxide  in  the  oxides  weighed. 

The  error  caused  by  the  praseodymium  may  be  eliminated  by  heating  the  oxides  to 
redness  in  hydrogen,  but  only  when  ceria  has  been  previously  removed,  for  ceria  loses  in 
weight  when  heated  in  hydrogen. 
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Separation  of  the  Cerium. — Assuming  the  thorium  to  have  been  removed 
by  the  peroxide  method,  the  filtrate  is  treated  in  a  dish  with  excess  of 
ammonia  and  hydrogen  peroxide,  the  liquid  boiled,  and  then  the  whole  is 
evaporated  to  dryness  on  the  steam-bath.  The  residue  is  carefully  heated 
until  ammonium  nitrate  commences  to  decompose,  or  else  dried  at  110°; 
the  perceric  hydroxide  is  thus  converted  into  ceric  hydroxide.  The  residue 
is  dissolved  in  strong  nitric  acid  and  the  cerium  separated  as  basic  ceric 
nitrate-sulphate  as  described  on  p.  333,  about  O'l  gram  of  ammonium  sulphate 
being  used  to  0'6  gram  of  mixed  rare  earths.  The  precipitate  is  filtered  off 
and  washed  with  hot  dilute  ammonium  nitrate.  To  the  filtrate  0'5  gram  of 
sodium  acetate  and  about  O'S  gram  of  ammonium  persulphate  are  added,  and 
the  liquid  boiled.  The  remaining  cerium  is  thus  precipitated,  together  with 
traces  of  the  other  elements.  The  two  precipitates  are  ignited  together  at  a 
white  heat,  and  the  cerium  weighed  as  ceria,  CeOg.^  In  mineral  analysis  the 
result  is  then  calculated  to  cerous  oxide,  CegOg,  since  the  cerium  minerals 
are  cerous  compounds. 

In  addition  to  the  preceding  process  the  bromate  method  described  on 
p.  334,  and  Mosander’s  chlorine  method,  outlined  on  p.  336,  may  be  employed.^ 

Separation  of  the  Cerium  and  Yttrium  Croups. — This  separation  is  usually 
effected  by  the  double  sulphate  method.  The  rare  earth  elements,  having 
been  freed  from  thorium,  are  suitably  treated  to  obtain  a  very  concentrated 
and  nearly  neutral  solution  of  the  chlorides.  A  large  excess  of  a  saturated 
solution  of  potassium  sulphate  is  added,  together  with  a  few  grams  of  the 
powdered  salt,  and  the  whole  allowed  to  stand  for  twelve  hours,  wuth 
occasional  agitation.  The  crystalline  precipitate  is  washed  with  saturated 
potassium  sulphate  solution,  reconverted  into  the  chloride,  and  the  separation 
repeated.  From  the  combined  filtrates  the  yttria  earths  are  precipitated  as 
hydroxides,  and  then  converted  successively  into  nitrates,  oxalates,  and  oxides. 
The  total  ceria  earths  are  extracted  from  the  precipitated  double  sulphates 
in  a  similar  manner.  The  weights  of  the  mixed  oxides  give  approximately 
the  amount  of  ceria  and  yttria  earths  present.^  Sodium  sulphate  is  not  so 
satisfactory  a  precipitant  as  the  potassium  salt. 

An  alternative  method  has  been  proposed  by  James  and  Smith.^  A 
solution  of  the  mixed  nitrates  is  first  prepared.  This  is  evaporated  to 
dryness,  treated  with  25  c.c.  of  concentrated  nitric  acid  saturated  with 
bismuth  magnesium  nitrate,  and  then  a  further  10  grams  of  bismuth 
magnesium  nitrate  and  1  gram  of  magnesium  nitrate  added.  The  whole  is 
warmed  and  stirred  until  most  of  the  salt  has  dissolved ;  it  is  then  set  aside 
for  twenty-four  horirs.  The  precipitate  is  collected  in  a  Gooch  crucible  and 
washed  with  nitric  acid  saturated  with  bismuth  magnesium  nitrate. 

In  this  method  the  metals  of  the  yttrium  group  remain  in  solution,  while 
those  of  the  cerium  group  are  precipitated  almost  quantitatively.® 


^  Wyrouhoff  and  Vernenil,  Compt,  rend.,  1899,  128,  1331  ;  Ann.  Chim.  Phys.,  1906, 
[viii.],  9,  345. 

^  For  details  of  tlie  former,  see  Janies  and  Pratt,  J.  Amer.  CImii.  Soc.,  1911,  33,  1326  ; 
for  details  of  the  latter,  see  Johnstone,  J.  Soc.  Chcm.  Ind.,  1914,  33,  55  ;  Hauser  and  Wirth, 
Zeitsch.  anal.  Chern.,  1909,  48,  679  ;  Browning  and  Roberts,  Amer.  J.  Sci.,  1910,  [iv.], 
29,  45. 

®  See,  e.g.,  Johnstone,  loc.  cit.,  and  cf.  footnote  8  on  p.  371. 

^  James  and  T.  0.  Smith,  J.  Amer.  Chcm.  Soc.,  1912,  34,  1171. 

®  Precisely  how  samarium,  europium,  gadolinium,  terbium,  dysprosium,  and  holmium 
behave  is  not  known. 
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Volumetric  Estimation  of  Cerium. — Several  volumetric  methods  are 
available  whereby  cerium  may  be  accurately  determined  in  the  presence  of 
the  other  rare  earth  elements.  They  are  all  based  upon  the  conversion  of 
cerous  into  ceric  salts  or  vice  versa, 

(i.)  The  mixed  nitrates,  in  cold,  concentrated  nitric  acid  solution,  are 
treated  with  an  excess  of  lead  peroxide  and  shaken  until  oxidation  of  the 
cerous  salt  is  complete.  In  the  filtered  solution  the  ceric  salt  is  titrated 
with  standard  hydrogen  peroxide  until  the  colour  of  the  ceric  salt  inst 
vanishes  : —  ^ 

2Ce(N03)4  +  H2O2  =  2Ce(N03)3  +  2HNO3  +  O2. 

(ii.)  The  lead  peroxide  of  method  (i.)  is  replaced  by  bismuth  tetroxide, 
oxidation  being  effected  in  cold  nitric  acid  (1  vol.  of  acid  to  1  of  water).  The 
solution  is  diluted,  filtered  through  asbestos,  excess  of  standard  hydrogen 
peroxide  added,  and  the  excess  titrated  with  standard  potassium  permanganate.^ 

(iii.)  The  oxidising  agent  used  is  sodium  bismuthate,  and  oxidation  effected 
in  boiling,  dilute  sulphuric  acid  (1  of  acid  to  4  of  water)  in  the  presence  of 
a  gram  or  two  of  ammonium  sulphate.  The  filtered  solution  is  reduced 
with  standard  ferrous  sulphate,  excess  of  which  is  titrated  with  potassium 
permanganate.® 

(iv.)  Oxidation  to  the  ceric  state  is  effected  in  boiling,  dilute  sulphuric 
acid  by  means  of  ammonium  persulphate  ;  the  titration  is  then  effected  in  the 
cold  liquid  by  the  use  of  hydrogen  peroxide  and  potassium  permanganate.^ 

This  method  is  largely  employed.  It  gives  good  results,  but  requires 
careful  attention  to  points  of  detail. 

(v.)  The  oxidation  is  effected  by  means  of  potassium  ferricyanide  in  the 
presence  of  alkali  hydroxide 

002(804)3  +  2K3Fe(CN)g  +  8KOH  =  2Ce(OH)4  +  2K4Fe(CN)e  +  3K2SO4. 

The  ceric  hydroxide  is  removed  by  filtration  and  the  potassium  ferrocyanide 
in  the  filtrate  titrated  with  potassmm  permanganate  in  the  presence  of 
sulphuric  acid.® 

(vi.)  The  neutral  solution,  containing  the  cerium  as  cerous  salt,  is  added, 
with  constant  shaking,  to  a  definite  volume  of  hot,  standard  potassium  per¬ 
manganate  containing  excess  of  magnesia  in  suspension,  until  the  permanganate 
is  decolorised  : —  ® 

3Ce(N03)3  -t-  KMn04  +  4MgO  +  8H2O 

=  3Ce(OH)4  -t-  Mn02.2H20  4-  4Mg(N03)2  -fi  KNO3. 


1  Job,  Compt.  rend.,  1899,  128,  101;  Ann.  Chim.  Phys,,  1900,  [vii.],  20,  205  ; 
Chesneau,  Compt.  rend.,  1911,  153,  429;  cf.  Gibbs,  .^?ner.  J.  Sci.,  1864,  [ii.],  37,  354  ; 
Biibrig,  J.prakt.  Chem.,  1875,  [ii.],  12,  231. 

^  Waegner  and  Miiller,  Ber.,  1903,  36,  282,  1732  ;  cf.  Gibbs,  Amer.  Chem.  J.,  1893, 
IS,  546. 

®  Metzger,  J.  Amer.  Chem.  Soc.,  1909,  31,  523  ;  Metzger  and  Heidelberger,  ibid.,  1910, 
32,  642. 

^  Yon  Knorre,  Zeitsch.  angew,  Chem.,  1897,  10,  685,  717  ;  Ber.,  1900,  33,  1924  ; 
Power  and  Shedden,  J.  Soc.  Chem.  Ind.,  1900,  19,  636.  Strolibach  {Mitt.  Techn.  Fersuch- 
samtes,  1912,  i,  45  ;  J.  Soc.  Chem.  Ind.,  1913,  32,  139)  oxidises  with  chloric  acid. 

®  Browning  and  Palmer,  Amer.  J.  Sci.,  1908,  [iv.],  26,  83;  Chem.  News,  1908,  98,  106; 
Zeitsch.  anorg.  Chem.,  1908,  59,  71. 

®  B.  J.  Meyer  and  Schweitzer,  Zeitsch.  anorg.  Chem.,  1907,  54>  104  ;  cf.  Brauner,  Chem. 
News,  1895,  71,  283  ;  Lenher  and  Meloche,  J.  Amer.  Chem,  Soc.,  1916,  38,  66. 
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(vii.)  When  ceria  is  digested  in  an  atmosphere  of  carbon  dioxide  with  a 
warm  solution  of  potassium  iodide  in  concentrated  hydrochloric  acid,  it  is 
quantitatively  reduced  to  the  cerous  state  and  the  liberated  iodine  may  be 
titrated  with  sodium  thiosulphate  ; —  ^ 

2Ce02  +  2KI  +  8HC1  =  2CeCl3  +  2KC1  +  4H2O  +  Ig. 

This  reaction,  however,  is  of  no  practical  value  for  the  estimation  of  ceria  in 
mixtures  of  earths.^ 

(viii.)  Small  quantities  of  ceria  present  in  thoria  may  be  determined 
colorimetrically.® 

Quantitative  Analysis  by  Spectroscopic  Methods  — (i.)  Sparh 
Spectra. — When  the  relative  degrees  of  persistency  of  the  lines  in  the  spark 
spectrum  of,_say,  lanthanum  chloride  solution,  are  known,  it  is  clear  that  the 
results  may  be  utilised  to  advantage  for  the  purposes  of  quantitative  analysis. 
A  dilute  chloride  solution  of  the  substance  containing  lanthanum  is  prepared, 
of  known  concentration,  and  its  spark  spectrum  examined.  A  first  approxi¬ 
mation  to  the  lanthanum  content  of  the  solution  being  thus  obtained,  closer 
and  closer  approximations  to  the  true  value  may  then  be  obtained  in 
successive  trial  experiments.  The  feasibility  of  such  a  method  of  analysis 
was  demonstrated  as  long  ago  as  1884  by  Hartley;^  at  the  present  time, 
though,  the  necessary  data  for  the  spark  spectra  of  the  rare  earth  elements 
are  almost  entirely  lacking.® 

(ii.)  Absorption  Spectra. — Two  general  methods  may  here  be  employed 
for  the  estimation  of  those  rare  earth  elements  that  give  rise  to  absorption 
spectra. 

In  the  first  method,  the  absorption  produced  by  the  element  in  the  sub¬ 
stance  to  be  analysed  is  recorded  photographically  and  compared  with  a  series 
of  photographs  of  the  absorption  produced  by  the  element  at  a  series  of 
known  concentrations  and  under  the  same  conditions  of  experiment. 

In  the  second  method,  the  amount  of  absorption  exerted  by  the  substance 
is  measured  quantitatively  at  those  regions  of  the  spectriim  where  its  absorp¬ 
tion  is  most  characteristic.  The  necessary  photometric  measurements  are 
effected  by  the  use  of  a  spectrophotometer,  for  a  description  of  which  the 
reader  must  be  referred  elsewhere.  The  method  of  calculation  may,  however, 
be  briefly  outlined. 

Suppose  that  a  layer  of  absorbing  medium  is  used  of  thickness  cf,  the 
layer  being  bounded  in  part  by  two  parallel  faces,  on  to  one  of  which  homo¬ 
geneous  light®  of  intensity  Iq  falls  normally.  If  the  light  emerges  from  the 
opposite  face  with  intensity  I,  then 

I/Io  =  a‘', 

where  a  is  a  constant  (the  absorption  coefficient)  the  value  of  which  depends 
upon  the  nature  of  the  medium  and  the  wave-length  of  the  light.  If  d!  is 

^  Bunsen,  Annalen,  1853,  86,  265  ;  1858,  105,  49  ;  Browning,  Amer.  J.  Sci.,  1899, 
[iv.],  8,  451;  Chcvi.  News,  1900,  81,  30,  41;  Zeitsch.  anorg.  Chem.,  1899,  22,  297;  Brauner, 
ibid.,  1903,  34,  207. 

Marc,  Ber.,  1902,  35,  2370  ;  K.  J.  Meyer  and  Koss,  Ber.,  1902,  35,  3740  ;  Mengel, 
Zeitsch.  anorg.  Chem.,  1899,  19,  71. 

®  Benz,  Zeitsch.  angew.  Chem.,  1902,  15,  300. 

*  Hartley,  Phil.  Trans.,  1884,  175,  49,  325. 

®  For  La,  Ce,  and  Y,  see  Pollok  and  Leonard,  Sci,  Proc,  Boy.  Dubl.  Soc,,  1908,  li,  257, 
and  the  table  of  wave-lengths  given  on  p.  307. 

®  I.e.  light  of  one  wave-length. 
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the  particular  value  of  d  for  which  I/Iq  =  1/10,  then  l/tf'  is  called  the 
“extinction  coefficient”  and  denoted  by  a.  It  follows  that  a  =  10““  and 

-  logio(I/Io)  =  acf. 

In  accordance  with  Beer’s  Law,  if  c',  c",  c'"  ...  be  the  concentrations  of 
the  absorbing  substance,  and  the  corresponding  thicknesses  of  absorbing 
layer  for  the  light  intensity  to  fall  from  Iq  to  I  be  d',  d!' ,  dl"  .  .  .,  then 
cdJ  =  c'd!'  =  c"'d!''  =  .  .  .  If,  then,  the  extinction  coefficients  of  the  solutions 
be  a',  a”,  a'"  .  .  .,  it  follows  that 

•It  It  I  n  nt  j  tn  a 

c  ja  ~c  ja  =c  /a  =  .  ,  .  =A, 

or,  in  general  terms, 

c  =  aA, 

where  A,  called  the  “  absorption  ratio,”  is  a  constant  that  may  be  determined 
once  for  all  for  any  particular  absorbing  substance  in  a  given  solvent. 

Suppose,  now,  that  the  concentration  (c)  of  neodymium  in  an  aqueous 
solution  of  rare  earth  chlorides  is  required :  the  extinction  coefficient  (a)  is 
measured  by  the  spectrophotometer  at  a  particular  part  of  the  spectrum 
where  the  absorption  ratio  (A)  for  aqueous  neodymium  chloride  is  known. 
From  the  relationship  c  =  aA  the  required  concentration  can  then  be  immedi¬ 
ately  calculated. 

It  has  been  already  pointed  out  in  the  preceding  chapter  that  the  ab¬ 
sorption  exerted  by  a  rare  earth  salt  is  modified  by  the  presence  of  a  salt  of 
another  rare  earth  element,  even  though  the  second  salt  gives  no  absorption 
spectrum.  Hence  measurements  of  concentrations  effected  by  observations 
upon  absorption  spectra  only  give  approximate  results  when  mixtures  are 
examined,  i.e.  in  the  only  cases  where  one  need  resort  to  the  process  at  all.^ 


^  For  further  information,  see  Bahr  and  Bunsen,  Annalen,  1866,  137,  30 ;  Muthmann 
and  Stiitzel,  Ber.,  1899,  32,  2653  ;  G.  and  H.  Kriiss,  Kolorimetrie  und  quantitative 
Spektralanctlyse  (Voss,  Leipzig,  2nd  ed.,  1909);  Thorpe,  A  Dictionary  of  Applied 
Chemistry  (Longmans,  1912-1913),  vol.  v.,  article  “Spectrum  Analysis”;  Meyer  and 
Hauser,  Die  Analyse  der  seltenen  Erden  und  der  Erdsduren  (Enke,  Stuttgart,  1912). 
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THE  RARE  EARTH  ELEMENTS  {continued). 

THE  CERIUM  GROUP. 

The  rare  earth  elements  included  m  this  group  are  five  in  number,  namely, 
lanthanum,  cerium,  praesodymium,  neodymium,  and  samarium.  The  chemistry 
of  these  elements  is  fairly  well  known,  the  commercial  treatment  of  monazite 
sand  for  thorium  having  enabled  large  quantities  of  the  earths  of  the  cerium 
group  to  be  placed  at  the  disposal  of  scientific  investigators. 

The  isolation  of  ceria  from  the  mixed  ceria  earths  is  a  comparatively 
simple  operation.  The  separation  of  the  remaining  members  of  the  group 
is  most  conveniently  effected  by  the  fractional  crystallisation  of  the  double 
ammonium,  magnesium,  or  manganese  nitrates,  as  described  in  the  preceding 
chapter. 

The  points  of  difference  between  the  cerium  and  yttrium  groups  have 
been  already  stated  (see  p.  249). 

In  the  following  account  of  the  cerium  elements  and  their  compounds 
cerium  itself  is  dealt  with  first,  the  other  elements  being  then  taken  in  their 
serial  order. 


CERIUM. 

S3’nibol,  Ce.  Atomic  weight,  140'2.5  (0  =  16). 

Cerium  is  the  most  abundant  of  the  rare  earth  elements.  Its  occurrence, 
history,  atomic  weight,  homogeneity,  and  analytical  chemistry  have  already 
been  discussed  in  Chapters  X.  and  XI. 

The  separation  of  ceria  from  the  other  rare  earths  and  its  purification  have 
been  discussed  in  some  detail  in  Chapter  X.  (see  p.  332).  On  a  commercial 
scale  pure  cerium  salts  are  obtained  by  (i.)  the  permanganate  method  (p.  335), 
(ii.)  the  basic  nitrate  method  (p.  332),  or  (iii.)  the  ceric  ammonium  nitrate 
method  (p.  336),  the  procedures  already  outlined  being  suitably  modified  for 
technical  work.  Only  a  small  proportion  of  the  cerium  available  (in  monazite 
residues)  is  worked  up  into  pure  cerium  salts. 

Metallic  cerium  is  obtained  by  the  electrolytic  methods  previously 
described  (p.  230). 

Cerium^  is  a  metal  which  resembles  steel  in  appearance  and  takes  a 
high  polish.  Its  density  is  6 '9 2  at  25°.  It  is  malleable  and  highly  ductile, 


^  The  properties  of  cerium  as  here  given  are  substantially  those  stated  by  Hirsch,  J.  Incl. 
Eng.  Chem.,  1911,  3,  880;  1912,  4,  65  ;  Trans.  Amer.  Electrochem.  Soc.,  1911,  29,  57.  See 
also  Muthmann  and  Kraft,  Annalen,  1902,  325,  261  ;  Muthmann  and  Weiss,  Annalen,  1904, 
331,  1 ;  Hillebrand  and  Norton,  Pogg.  Annalen,  1875,  155,  633  ;  156,  466. 
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may  be  readily  cut  with  a  knife,  and  can  be  machined  fairly  well,  although 
there  is  a  tendency  to  buckle.  Its  ultimate  strength  is  9  kilos,  per 
square  mm.  The  metal  is  paramagnetic,  its  magnetic  susceptibility  at  18° 
being  15  x  10~®  c.g.s.  units  per  gram.i  Cerium  is  a  fairly  good  conductor  of 
heat,  but  a  poor  conductor  of  electricity,  its  resistance  being  71 '6  micro-ohms 
per  cm.  cube  at  the  ordinary  temperature.  The  following  values  have  been 
obtained  for  the  specific  heat : —  ^ 

Mendel4eff  .  1  spec.  ht.  =  0‘05  atomic  ht.  =  7 ’01 

Hillebrand  .  0°-100°  „  =0-0448  „  =6-28 

Hirsch  .  .  20°-100°  „  =0-05112  „  =7-17 

Hirsch’s  value  was  obtained  by  using  the  differential  steam  calorimeter  and 
operating  with  70  grams  of  cerium.  The  atomic  heat  of  cerium  thus  appears 
to  be  unusually  high.  Cerium  melts  at  635°  (Hirsch),  623°  (Muthmann  and 
Weiss). 

Cerium  takes  fire  in  air  at  160°,  burning  with  even  greater  brilliancy  than 
magnesium  and  evolving  much  heat.  A  shower  of  sparks  is  produced  by 
striking  the  metal  with  a  flint.  When  a  lump  of  cerium  is  kept  warm  in  a 
closed  bottle,  a  black  powder  slowly  forms  on  the  surface,  and  when  the  bottle 
is  opened  the  powder  inflames  spontaneously.  Cerium  burns  brilliantly  in 
chlorine  at  210°-215°,  and  in  bromine  at  215°-220° ;  it  also  combines  directly 
with  hydrogen,  nitrogen,  iodine,  sulphur,  selenium,  tellurium,  arsenic, 
antimony,  etc.  It  reduces  carbon  monoxide  and  carbon  dioxide  with  the 
separation  of  carbon. 

Cerium  preserves  its  lustre  in  dry,  but  tarnishes  in  moist  air.  It  is  very 
slightly  attacked  by  cold  water,  but  in  boiling  water  a  slow  evolution  of 
hydrogen  occurs.  At  the  ordinary  temperature  ethyl  and  amyl  alcohols, 
chloroform,  carbon  tetrachloride,  and  concentrated  solutions  of  sulphuric  acid, 
sodium  and  ammonium  hydroxides  have  no  action  on  cerium  ;  dilute  hydrogen 
peroxide,  ammonium  and  potassium  chloride  slowly  attack  it,  and  the  action 
of  hydrochloric  or  nitric  acid,  hoth  dilute  and  concentrated,  and  dilute 
sulphuric  acid  is  moderately  vigorous.  At  boiling  temperatures  the  mineral 
acids,  dilute  or  concentrated,  attack  the  metal  rapidly,  except  concentrated 
sulphuric  acid. 

According  to  Hirsch,  cerium  is  best  purified  by  heating  it  with  boiling 
mercury  in  a  long  iron  pipe.  .  The  cerium  amalgamates  with  the  mercury, 
and  the  impurities  may  be  skimmed  off  from  the  molten  amalgam.  The 
amalgam  is  placed  in  a  magnesia  vessel,  the  whole  placed  inside  a  larger 
quartz  vessel,  and  the  amalgam  heated  very  strongly  m  vacuo  to  drive  off 
the  mercury. 

Alloys. — Cerium  alloys  readily  with  a  large  number  of  metals.  Many  of 
the  alloys  thus  obtained  are  hard  and  brittle,  differing  therefore  from  pure 
cerium,  which  is  soft  and  malleable.  Accordingly,  small  particles  are  easily 
detached  from  the  alloys  hy  friction,  and  when  the  alloys  are  rich  in  cerium 
the  heat  produced  is  more  than  sufficient  to  raise  the  temperature  of  the 
particles  above  160°,  the  ignition-point  of  cerium.  Hence  numerous  alloys 
rich  in  cerium  are  pyrophoric.  Some  of  them,  e.g.  iron-cerium  alloys,  are  of 


1  M.  Owen,  Ann.  Physik,  1912,  [iv.],  37,  657  ;  Proc.  K.  Akad.  Wetensch.  Amsterdam, 
1911,  14,  637. 

^  Mendeleeff,  Bull,  Acad.  Sci.  Petrograd,  1870,  p.  445  ;  Hillebrand,  Pogg.  Annalen, 
1876,  158,  71 ;  Hirsch,  loc.  cit. 


378 


ALUMINIUM  AND  ITS  CONGENERS. 


comniGrcial  importancG  owing  to  this  property,  being  utilised  in  the  manu¬ 
facture  of  automatic  lighters,  etc.i  The  alloy  of  cerium,  lanthanum,  etc., 
known  as  “  Mischmetall,”  is  a  valuable  reducing  agent  (see  p.  230). 

Sodium  alloys  with  cerium  quietly,  forming  a  hard  and  somewhat  pyro¬ 
phoric  alloy  that  oxidises  on  exposure  to  air.  Silver  and  gold  alloy  readily 
with  cerium  ]  the  silver  alloys  are  hard  and  brittle,  but  the  gold  alloys  are 
fairly  soft.^  The  copper  alloys  have  been  systematically  examined  ^  and  four 
compounds  discovered,  viz.  CugCe  (m.p.  935°),  Cu^Ce,  Cu.^Ce  (m.p.  820  ),  and 


Fig.  38. — The  system  cerium-aluminium  equilibrium  diagram  (Vogel). 

Solid  phases;  Ce  along  AB,  CegAl  along  BCD,  Ce.2Al  along  DE, 

CeAl  along  EF,  CeAla  along  FGH,  /SCeAh  along  HJ,  aCeAh  along 
JK,  A1  along  KL. 

CuCe.  Between  55  and  86  per  cent.  Ce  the  alloys  are  pyrophoric,  and  with 
more  than  30  per  cent.  Ce  they  soon  disintegrate. 

Calcium  and  cerium  alloys  are  white  and  very  hard ;  they  are  stable  in 
air,  do  not  disintegrate,  and  emit  brilliant  sparks  when  struck.  They  may 
be  prepared  from  the  metals,  or  by  reducing  cerous  fluoride  with  calcium.^ 
Magnesium  and  cerium  alloys  are  white  in  colour  and  extremely  brittle. 


^  See  Kellormann,  Die  Geritmetalle  und  ihre  pyrophoren  Legierungen  (Knapp,  Halle, 
1912). 

^  Hirsoh,  loc.  cit. 

®  Hanaman,  Intern.  Zeitscli.  Metallographie,  1916,  7)  174. 

^  Moldenhauer,  Chem.  Zeit.,  1914,  38,  147. 
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The  alloys  rich  in  cerium  form  excellent  flashlight  powders.  Those  containing 
60-75  per  cent,  of  cerium  may  he  finely  powdered,  and  form  excellent  reduc¬ 
ing  agents,  e.g.  for  preparing  vanadium  from  its  oxide.  Alloys  containing 
more  than  75  per  cent,  of  cerium  are  difficult  to  powder  without  catching  fire. 
The  alloys  have  been  systematically  examined  by  Yogel,^  who  has  described 
the  compounds  Ce^Mg  (m.p.  632°),  CeMg  (m.p.  738°),  CeMgg  (m.p.  780°),  and 
CeMgg.  The  compound  Ce^Mg  breaks  up  into  Ce  and  CeMg  at  497°  j  the 
compounds  CeMg  and  CeMgg  form  solid  solutions  with  one  another.  Zinc 
alloys  with  cerium  almost  explosively.  The  alloy  is  hard,  brittle,  and  pyro¬ 
phoric,  but  oxidises  in  the  air.  Cadmium  behaves  similarly  to  zinc.  Mercury 
readily  alloys  with  cerium.  The  amalgams,  which  are  liquid  at  ordinary 
temperatures  when  only  1  or  2  per  cent,  of  cerium  is  present,  decompose 
water  with  the  evolution  of  hydrogen  and  oxidise  quickly  in  the  air, 
spontaneous  combustion  readily  occurring  when  8-10  per  cent,  of  cerium 
is  present.^ 

Aluminium  and  cerium  alloys  have  been  studied  by  the  thermal  and 
microscopic  methods.  The  equilibrium  diagram,  due  to  Vogel,  is  shown  in 
fig.  38.^  No  solid  solutions  are  formed.  Five  compounds  exist,  two  only 
being  stable  at  the  melting-point:  CogAl  (m.p.  614°),  CogAl,  CeAl,  CeAlg 
(m.p.  1460°),  and  CeAl^.  The  compound  CeAl^  exists  in  two  forms,  the 
transition-point  being  1005°.  The  form  stable  at  ordinary  temperatures  is 
probably  rhombic.  Its  density  is  4' 193.^  The  cerium-aluminium  alloys  are 
stable  to  air  and  water  unless  the  cerium  is  more  than  75  per  cent.  The 
maximum  hardness  is  6,  corresponding  to  CeAlg.  This  compound  is  very 
resistant  towards  acids,  but  burns  brilliantly. 

For  other  cerium  alloys,  see  the  subsequent  volumes  of  this  series. 

Thermochemistry  of  Cerium.  —  The  following  results  have  been 
recorded  : —  ® 


Ce]-t-(02)  =[CeO,] . 

■Ce]  +  4[A1]  =[CeAij  .  .  .  . 

Ce(OH)4]  -f  HgSO^aq.  =  Ce(S04)2aq . 

Ce(0H)3.0.0H]  +  3H.2S04aq.  =  Ce2(S04)3aq.  -f  4-  (Og) 

2Ce(S04)2aq.  -I-  H202aq.  =  Ce2(S04)3aq.  +  H2S64aq.  -I-  (Og) 

[Ce(0H)3.0.0H]  =[Ce(OH)4)]  +  (0)  .  . 


-f  224-6  Cals, 
+  124-4  „ 

+  0-90  „ 

+  29-95  „ 

+  33-58  ,, 

+  20-39  „ 


CEROUS  COMPOUNDS. 

The  cerous  salts  are  derived  from  the  basic  oxide  CogOg  and,  if  derived 
from  colourless  acids,  are  themselves  colourless.  Their  aqueous  solutions  are 
devoid  of  absorption  spectra. 

In  chemical  properties  the  cerous  salts  resemble  the  salts  of  lanthanum 
very  closely,  except  for  the  fact  that  they  may  be  oxidised  to  ceric  salts.  The 
equivalent  conductivities,  A,  of  cerous  salts  are  in  harmony  with  the  view  that 


^  Vogel,  Zeitsch.  anorg.  Chem.,  1915,  91,  277. 

2  Muthmanu  and  Beck,  Annalen,  1904,  331,  46  ;  Hirsch,  loc.  cit. 

®  E.  Vogel,  Zeitsch.  anorg.  Chem.,  1912,  75,  41. 

■*  Muthmann  and  Beck,  loc.  cit. 

5  Mnthmann  and  Weiss,  Annalen,  1904,  331,  1  (Ce,0.2);  Muthmann  and  Beck,  ibid., 
1904,  331,  46  (Ce,Al4) ;  Pissarjewsky,  J.  Russ.  Rhys.  Chem.  Soc.,  1900,  32,  609.  The  data 
given  for  ceric  and  perceric  hydroxides  refer  to  the  hydroxides  as  ordinarily  precipitated. 
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they  are  derived  from  a  fairly  strong  triacid  base.  The  following  data  hold 
for  a  temperature  of  26°  (v  =  dilution  in  litres  per  gram-equivalent)  : — •  ^ 


CeClg 


^;=  31-43  62-86 

A- 107-6  114-2 


126-72  261-44 

121-2  126-7 


602-88  1006-76 

131-0  136-0 


CeotSOA  ?;=  33  66  132  264 

A=  46-66  63-71  63-63  74-09 


628  1066 
87-17  100-90 


Numerous  cerous  salts  have  been  described  by  Jolin^  and  others.  The 
methods  for  the  conversion  of  cerous  into  ceric  compounds  and  vice  versa  are 
discussed  later  (p.  391). 


Cerium  and  Hydrogen. 

Cerous  hydride,  CeHg,  has  been  described  (see  p.  261).  The  combination 
of  cerium  and  hydrogen  proceeds  readily  even  at  310°,  but  is  best  effected  at 
460°,  at  which  temperature  the  dissociation  pressure  of  the  hydride  does  not 
exceed  1  mm.^  The  hydride  is  spontaneously  inflammable.^ 

Cerium  and  the  Fluorine  Group. 

Cerous  fluoride,  CeFg,  is  said  by  Brauner  to  be  obtained  by  carefully 
heating  ceric  fluoride  to  dull  redness.®  The  hemihydrate,  2CeF3.H20,  is 
obtained  by  double  decomposition.®  Cerous  fluoride  forms  no  compound 
with  potassium  fluoride.^ 

Cerous  chloride,  CeClg.^ — The  methods  of  preparation  and  properties 
of  the  anhydrous  salt  are  described  on  p.  262.  Bourion’s  sulphur  chloride 
method,  starting  with  ceric  oxide,  is  very  convenient.  The  chloride  is  a  white, 
crystalline,  hygroscopic  solid,  readily  soluble  in  water. 

Anhydrous  cerous  chloride  readily  absorbs  ammonia.  The  following  com¬ 
pounds  have  been  prepared,  and  their  dissociation  pressures  measured  : —  ® 

CeCl3.20NH3  CeCl3.8NH3  CeCl3.2NH3 

.  CeCl3.12NH3  CeClgANHg 

An  aqueous  solution  of  cerous  chloride  may  be  prepared  by  heating  ceric 
hydroxide  with  concentrated  hydrochloric  acid,  chlorine  being  evolved.  On 
saturating  the  cold  solution  with  hydrogen  chloride,  orthorhombic  crystals 
(a:b:  c  =  0-8083  : 1  : 1-4419)  of  the  heptahydrate,  CeCl3.7H20,  separate.®  A 
triclinic  salt  {a:b:c=^  1-1680 : 1 : 0-8636  ;  a  =  91°  3',  =  114°  9',  y  =  88°  12')  has 

also  been  described,  isomorphous  with  lanthanum  chloride  heptahydrate,  but 
it  is  said  to  be  the  hexahydrate,  CeClg.OHgO.^® 

1  Aufrecht,  Inaugural  Dissertation  (Berlin,  1904) ;  cf.  Holmberg,  Arkiv  Kem.  Min. 
Oeol.,  1903,  I,  1. 

^  John,  Bull,  Soc.  ehim.,  1874,  [ii.],  2i,  633. 

®  Zhukov,  J.  Russ.  Phys.  Chem,  Soc.,  1913,  45,  2073. 

*  Dafertand  Miklauz,  Monatsh.,  1912,  33,  911. 

®  Brauner,  Per.,  1881,  ii,  1944;  Trans.  Chem.  Soc.,  1882,  41,  68.  See  also  p.  393. 

®  Jolin,  Bull.  Soc.  chim,,  1874,  [ii.],  21,  533. 

Puohinand  Baskov,  J,  Russ.  Phys.  Chem.  Soc  ,  1913,  45,  82. 

®  Barre,  Compt.  rend.,  1913,  156,  1017. 

®  Dennis  and  Magee, /.  Amer.  Chem.  Soc.,  1894,  16,  649  ;  Zeitsch.  anorg.  Chem.,  1894, 
7,  250  ;  cf.  Jolin,  Bull.  Soc.  chim.,  1874,  [ii.],  21,  533  ;  Lange,  J.  prakt.  Chem.,  1861,  82, 
129  ;  K.  J.  Meyer  and  Koss,  Ber.,  1902,  35,  3740. 

Fock,  Zeitsch.  Kryst.  Min.,  1894,  22,  32. 
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The  following  double  salts  are  known,  in  addition  to  those  containing 
metals  of  Groups  lY.  and  V.  and  organic  bases  : — 

CeCl3.4HgCl2.10H„O  CeCL.SHgfCNlo.SHoO.^ 

CeClg.AuClg.lSH^O.i-^ 

CeCl3.2PtCl2.10H2O CeCl3.PtCl4.12H20d’®'®'8>’ 

Cerous  oxychloride,  CeOCl  (I)  has  been  described  by  several  chemists.® 

Cerous  bromide,  CeBrg. — The  anhydrous  salt,  a  white,  hygroscopic 
mass,  has  been  prepared.®  A  hydrate  and  an  aurihromide,  CeBrg.  AuBr3.8H20 
(Jolin),  are  known. 

Cerous  iodide,  Celg. — The  hydrate,  CeIg.QHgO,  forms  colourless  crystals 
which  turn  brown  in  the  air.^® 

Cerous  perchlorate,  Ce(C104)3.8H20  or  9H2O  (1),  is  a  deliquescent, 
crystalline  salt,  which  may  be  prepared  from  cerous  sulphate  and  barium 
perchlorate.^^ 

Cerous  bromate,  Ce(Br03)3.9H20,  must  be  crystallised  from  aqueous 
solution  by  eoncentrating  in  vacuo  at  35°  and  then  cooling.  It  melts  at  49°, 
and  decomposes  at  slightly  higher  temperatures.  Further,  it  slightly  decom¬ 
poses  in  aqueous  solution.^^ 

Cerous  iodate,  Ce(I03)g.2H20,  is  readily  obtained  by  double  decom¬ 
position  as  a  white,  amorphous,  sparingly  soluble  precipitate.^®  At  25°,  one 
litre  of  saturated  solution  contains  1‘64  grams  of  the  anhydrous  salt.^^ 

Cebium  and  the  Oxygen  Group. 

Cerium  sesquioxide  or  cerous  oxide,  00263,  so  readily  oxidises  to 
form  cerium  dioxide  that  cerous  salts  of  volatile  oxyacids  yield  ceria  when 
ignited  in  the  air.  The  sesquioxide  can  be  prepared  by  the  reduction  of 
the  dioxide  with  hydrogen  at  150  atmos.  pressure  and  at  a  temperature  of 
about  2000°  C.  (c/.  p.  393).®®  In  small  quantities  and  mixed  with  much 
ceria  and  a  little  carbon,  it  is  produced  by  the  ignition  of  cerous  oxalate  in 
vacuo  or  in  hydrogen.®®  It  is  also  produced  in  poor  yield  by  heating  ceria 


1  Jolin,  loc.  cit. 

^  Alen,  Oefvers.  Svenska  Vet.-Akad.  F'drliandl.,  1876,  33,  Nos.  8,  9;  Bull.  Soc.  cMm., 
1876,  [ii.],  27,  365. 

®  Holzmann,  J.  fraht,  Chem.,  1861,  84,  76. 

*  Holzmann,  Jahresler.,  1862,  p.  135. 

®  Marignao,  Ann.  Chim.  Phys.,  1873,  [iv.],  30,  67. 

®  Cleve,  Bull.  Soc.  chivi.,  1874,  [ii.],  21,  196. 

’’  Nilson,  Ber.,  1876,  9,  1056.  See  also  p.  254. 

®  Wohler,  Annalen,  1867,  144,  251;  Erk,  Jaliresler.,  1870,  p.  319;  Didier,  Compl.  rend., 
1885,  lOl,  882. 

®  See  p.  255  ;  also  Robinson,  Proc.  Boy.  Soc.,  1884,  37,  150. 

Lange,  J.  prakt.  Chem.,  1861,  82,  129. 

Jolin,  loc.  cit.',  Morgan  and  Cahen,  Trans.  Chem.  Soc.,  1907,  9®j  ^75. 

See  p.  256,  and  Eammelsberg,  Pogg.  Annalen,  1842,  52,  84. 

>3  Rammelsberg,  Pogg.  Annalen,  1838,  44,  557 ;  Holzmann,  J.  prakt.  Chem.,  1858,  75, 
321 ;  Jolin,  loc.  cit. 

Rimbach  and  Schubert,  Zeitsch.  physikal.  Chem.,  1909,  67,  183. 

Newbery  and  Pring,  Proc.  Roy.  Soc.,  1916,  A,  92,  276.  According  to  Guertler  {Zeitsch. 
anorg.  Chem.,  1904,  40,  247),  cerium  dioxide  is  quantitatively  reduced  to  the  sesquioxide 
when  heated  to  a  white  heat  in  the  reducing  atmosphere  of  a  petroleum  injector-furnace. 

Mosander,  Phil.  Mag.,  1843,  [iii.],  23,  241 ;  Delafontaine,  Arch.  Sci.  phys.  nat.,  1865, 
22,  38;  Biihrig,  J.  prakt.  Chem.,  1875,  [ii.],  12,  209;  Popp,  Annalen,  1864,  131,  359; 
Sterba,  Ann.  Chim.  Phys.,  1904,  [viii.],  2,  209.  See  also  Beringer,  Annalen,  1842,  42,  138  ; 
Rammelsberg,  Pogg.  Annalen,  1859,  108,  40;  Winkler,  Ber.,  1891,  24,  873. 
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with  zinc  at  the  boiling-point  of  the  metal,  but  it  cannot  be  separated  from 
the  other  products  of  the  reaction.^  The  simplest  method  yet  known  for  its 
preparation  consists  in  heating  ceria  with  metallic  calcium  and  dissolving  out 
the  lime  and  excess  of  calcium  in  aqueous  ammonium  chloride  at  -  10°  0.  The 
sesquioxide  is  thus  obtained  as  a  yellowish-green  powder  which  readily  absorbs 
oxygen  even  at  ordinary  temperatures  and  burns  easily  when  gently  heated.^ 
Cerous  hydroxide,  Ce(0H)3,  is  obtained  as  a  white  precipitate  by  the 
addition  of  ammonia  or  alkali  hydroxide  to  a  solution  of  a  cerous  salt,  or  by 
the  action  of  water  on  cerium  carbid’e,  CeCg.  It  may  be  dried  without  losing 
its  white  colour  if  air  is  completely  excluded.^  It  cannot,  however,  be  further 
dehydrated  to  cerous  oxide,  for  the  latter,  as  it  is  produced,  attacks  the  water 
present  and  oxidises. 

Cerous  hydroxide,  like  the  other  hydroxides  of  the  rare  earth  elements,  is 
a  strong  base.  It  readily  oxidises  in  the  air,  becoming  first  violet  (p.  393) 
and  finally  yellow,  owing  to  its  conversion  into  ceric  hydroxide.  Oxidising 
agents  effect  the  change  more  rapidly  (p.  396).  Owing  to  the  ease  with 
which  it  is  oxidised,  cerous  hydroxide  is  a  strong  reducing  agent,  reducing 
cupric  salts  to  cuprous,  mercuric  salts  to  mercurous,  etc.^ 

Cerous  sulphide,  00283,  may  be  prepared  by  heating  ceric  oxide  to 
bright  redness  in  a  stream  of  dry  hydrogen  sulphide,  the  oxide,  contained  in 
a  porcelain  boat  inserted  in  a  porcelain  tube,  being  heated  until  its  weight 
'  ceases  to  alter  (see  p.  269).  An  alternative  method  is  to  use  cerous  sulphate 
instead  of  ceric  oxide  and  heat  to  750°-800°  in  hydrogen  sulphide.® 

Cerous  sulphide  is  a  dark  reddish-purple  solid  of  density  5 ‘02  at  11° 
(Muthmann  and  Stiitzel).  When  heated  in  the  air  it  roasts  to  cerous 
sulphate  and  ceric  oxide,  but  in  hydrogen  or  nitrogen  it  is  stable  till  1400°- 
1500°,  when  it  melts  and  decomposes. 

Cerium  persulphide,  Ce2S4,  is  prepared  by  heating  cerous  sulphate  to 
580°-600°  in  a  stream  of  dry  hydrogen  sulphide,  the  preparation  being 
followed  by  weighing  from  time  to  time.  The  persulphide  is  a  dark 
yellowish-brown,  crystalline  powder,  moderately  stable  in  air  and  cold  water. 
It  dissolves  in  cold  hydrochloric  acid,  an  odour  of  hydrogen  persulphide  being 
first  noticed  and  subsequently  a  precipitation  of  sulphur.  The  compound 
therefore  appears  to  be  a  polysulphide.  At  720°  it  decomposes  into  the 
sesquisulphide  and  sulphur;  it  may  be  reduced  to  the  sesquisulphide  by 
heating  in  hydrogen  at  400°.® 

Cerous  oxysulphide,  CegOgS,  may  be  prepared  by  heating  cerium 
dioxide  to  redness  in  a  current  of  wet  hydrogen  sulphide.  It  is  a  golden- 
yellow  solid  which  has  not  been  obtained  quite  free  from  impurities.'^ 

Cerous  sulphite,  Ce2(S03)3. — Hydrates  of  this  salt  with  fiHgO  and  9H,0 
are  known.® 

Cerous  sulphate,  Ce2(So^)3. — The  preparation  and  general  properties 
of  the  anhydrous  sulphate  are  given  on  p.  260.  In  100  parts  of  ice-cold  water 


^  Sterba,  loc.  cit. 

2  Burger,  Ber,,  1907,  40,  1662. 
•  "Uge  - 


3 


Dennis  and  Magee,  J.  Amer.  Chem.  Soc.,  1894,  16,  649  ;  Damiens,  Compt.  rend.,  1913, 
I57>  214. 

•*  W.  Biltz  and  Zimmermann,  Ber.,  1907,  40,  4979;  Barbieri,  Atti  E.  Accad.  Lincei, 
1907,  [v.],  16,  i.  395. 

“  See  p.  259  ;  also  W.  Biltz,  Ber.,  1908,  41,  3341. 

8  W.  Biltz,  loc.  cit. 

’’  Sterba,  Ann.  Chim.  Phys.,  1904,  [viii.],  2,  193. 

8  See  p.  260;  and  Batek,  Zeitsch.  anorg.  Chem.,  1905,  47,  87. 
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40  parts  of  cerous  sulphate  can  be  dissolved.^  The  specific  heat  (0°  to  100°) 
of  the  anhydrous  sulphate  is  0-1168.2 


Cerous  sulphate  forms  numero^is  hydrates.  The  existence  of  hydrates 
with  IHgO,  fiHgO,  SHgO,  OHgO,  and  I2H2O  is  definitely  established,  but  the 
existence  of  the  hydrate  with  GHgO  is  very  doubtful.® 


^  Muthmann  and  Rolig,  Zcitsch.  anorg.  Chem.,  1898,  16,  450.  On  the  densities  of 
aqueous  solutions  of  cerous  sulphate,  see  Brauner,  Trans.  Chem.  Soc.,  1888,  53,  257. 

2  Nilson  and  Pettersson,  Ber.,  1880,  13,  1469  ;  Oompt.  rend.,  1880,  91,  232. 

®  The  hydrates  of  cerous  sulphate  have  been  studied  in  detail  by  Koppel  (Zeitsch.  anorg. 
Chem.,  1904,  41,  377),  who  gives  a  critical  review  of  earlier  work  on  the  subject.  The 
other  references  are  as  follows  ;  Otto,  Pogg.  Annalen,  1837,  40,  404  ;  Marignac,  Mem.  Sei. 
phys.  nat.,  1855,  14,  201;  Ann.  Chivi.  Phys.,  1873,  [iv.],  30,  56;  Czudnowicz,  J.  praM. 
Chem.,  1860,  80,  16  ;  Hermann,  ibid.,  1843,  30,  184  ;  1864,  92,  113  ;  Wolf,  Amer.  J.  Sei., 
1868,  [ii.],  45,  63  ;  Wing,  ibid.,  1870,  [ii.],  46,  356  ;  John,  Bull.  Soc.  ehim.,  1874,  [ii.], 
21,  533  ;  Muthmann  and  Rolig,  loc.  cit.\  Wyrouboff,  Bull.  Soc.  chim.,  1901,  [iii.],  25, 
105  ;  Bull.  Soc.frang.  Min,,  1901,  24,  105  ;  Kraus,  Zeitsch.  Kryst.  Min.,  1901,  34,  307. 
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The  various  hydrates  may  he  obtained  as  follows : — The  dodecahydrate, 
002(804)3.121120,  separates  from  a  concentrated  solution  of  cerous  sulphate 
over  sulphuric  acid  at  0°  C.  in  the  form  of  tiny  needles.  The  enneahydrate, 
Ce2(S04)3.9H20,  is  prepared  by  evaporating  the  aqueous  solution  at  40°-45°, 
and  forms  hexagonal  prisms.  The  octahydrate,  002(804)3.81120,  is  best 
prepared  by  warming  to  45°-60°  a  solution  of  the  sulphate  that  was  saturated 
at  0°  0.  The  pentahydrate,  002(804)3.51120,  is  obtained  by  preparing  a  cold 
saturated  solution  and  heating  it  to  70*-100°,  and  forms  monoclinic  prisms. 
The  tetrahydrate,  003(804)3.41120,  is  conveniently  prepared  by  agitating  the 
enneahydrate  with  a  little  water  at  70°  for  48  hours,  and  drying  the  mass 
at  the  same  temperature.  For  densities,  see  p.  260. 

The  crystals  of  the  penta-  and  enneahydrates  have  been  already  described 
(p.  261).  The  octahydrate  has  been  generally  regarded  as  crystallising  in 
the  orthorhombic  system  ;  but  according  to  Wyrouboff,  whose  view  is  adopted 
by  Groth,  the  crystals  are  triclinic  and  devoid  of  all  elements  of  symmetry 
(a:6  :c  =  l-0650: 1  :  M144,a  =  90°  52', yS  =  90°  40',7=  91° 45').  Rammelsberg 
has  described  a  monoclinic  octahydrate,  isomorphous  with  the  octahydrates  of 
the  other  metals.^ 

The  solubilities  of  the  various  hydrates,  in  grams  of  anhydrous  sulphate 
per  100  grams  of  water,  are  given  in  the  accompanying  table  (Koppel)  and  repre¬ 
sented  graphically  in  fig.  39,  from  which  the  stable  hydrate  at  any  temperature 
is  readily  seen.  It  will  be  noticed  that  solubilities  have  been  determined  even 
where  the  hydrates  are  metastable  in  contact  with  the  solution : — 


f  0. 

0° 

18-8° 

19-2° 

12H20 

16-56 

17-52 

17-70 

t°  0. 

0° 

15° 

30° 

45° 

50° 

60° 

65° 

9H20 

20-98 

11-87 

7-35 

5-13 

4-67 

3-88 

3-60 

f  0. 

0° 

15° 

20-5° 

30° 

40° 

50° 

60° 

8H20 

19-09 

11-06 

9-53 

7-39 

5-95 

4-79 

4-06 

f  0. 

■  45° 

60° 

70° 

80° 

90° 

100-5° 

5H20 

8-83 

3-25 

1-93 

1-21 

0-84 

0-47 

0 

p 

35° 

40° 

50° 

57° 

65° 

70° 

82° 

4H20 

8-50 

6-04 

3-43 

2-34 

1-88 

1-38 

1-01 

The  acid  sulphate,  Ce(H804)3,  is  known  (see  p.  263). 

The  following  double  salts  with  alkali  sulphates  have  been  described  : — 


Ce2(804)3.K2804.2H20; « 2062(804)3. 3K2804,=^' "-and  with  8H2O  ;  6  062(804),. 
2K28O4.2H2O ;  4  0e2(S04)3.3K2804 ;  «  062(804)3.5X2804.6 
0e2(8O4)3.Na28O4.2H2O.'’-6 

0e2(S04)g.(NH4)2804.8H20,®’^-®and  anhydrous;  0e2(S04)3.5(NH4)2804.® 


1  For  crystal  measurements,  see  Marignac,  loc.  cit.  \  Wyrouboff,  loc.  cit.  \  Kraus,  loc.  cit.\ 
Descloiseaux,  VInstitut,  1858,  p.  Ill  ;  Vrba,  Zeitsch.  anorg.  Chem.,  1904,  39,  283; 

Groth,  Ghemische  Krystallograpie  (Leipzig,  1906-10),  vol.  ii. ;  Rammelsberg,  cited  by 
Groth,  op.  cit. 

^  Hermann,  loe.  cit. 

“  Czudnowicz,  loc.  cit. 

■*  .Tolin,  loc.  cit. 

®  Beringer,  Annalen,  1842,  42,  138. 

6  Bane,  Compt.  rend.,  1910,  151,  871. 

’  Wolff,  Zeitsch.  anorg.  Chem.,  1905,  45,  89. 
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They  are  sparingly  soluble  in  water  and  practically  insoluble  in  saturated 
solutions  of  the  corresponding  alkali  sulphates. 

The  diminution  in  the  solubility  of  cerous  sulphate  in  water,  caused  by 
the  presence  of  yarious  alkali  sulphates,  is  as  follows  (data  represent  grams  of 
anhydrous  salt  present  in  solution  per  100  grams  of  water) : — ■  ^ 


Temp.  16°  C. 

Temp.  19°  0. 

Temp.  16°  0. 

K2SO4. 

062(804)3. 

]Sra2S04. 

062(804)3. 

(NH4)2S04. 

062(804)3. 

0-00 

10-75 

0-00 

9-65 

0-00 

10-75 

0-18 

0-96 

0-33 

'  0-64 

3-46 

1-03 

0-51 

0-43 

1-09 

0-09 

9-32 

0-78 

0-73 

0-25 

1-39 

0-06 

19-24 

0-75 

1-29 

0-04 

1-70 

0  03 

45-62 

0-60 

2-60 

0-00 

3-69 

0-01 

72-84 

0-04 

Cerous  ammonium  sulphate,  062(80^3.  (NH^)2S04.8H20,  is  a  monoclinic  salt 
(see  p.  263)  of  density  2'523.  It  loses  6H2O  at  100°,  and  the  remaining 
2H2O  at  150°.  The  solubility,  in  grams  of  062(80^)3.(1^114)2804  per  100  grams 
of  water,  is  as  follows  (Wolff) : —  ^ 


Temp.  °  C . 22-3°  35-1°  46-2° 

Grains  of  063(804)3. (NH4)2804 .  .  5-33  5-18  4'99 

Above  45°  the  anhydrous  double  salt  is  the  stable  phase  in  contact  with  the 
solution,  and  its  solubility  is  as  follows  (Wolff)  : —  ^ 

Temp.  °0 . 45°  55-3°  75-4°  82-2° 

Grams  of  062(804)3.(11114)2804  .  2-99  2'24  1-48  1'18 

The  sulphates  of  hydrazine  and  hydroxylamine  combine  with  cerous 
sulphate.^ 

Cerous  thallous  sulphate,  063(804)3.  TI28O4.4H2O,  crystallises  in  monoclinic 
prisms  (a  ;  6  :  c  =  M309  : 1  :  0-7059,  y8  =  91°  53').^  The  salt  062(804)3.8^3804. 
H2O  has  also  been  described. 

Cerous  cadmium  sulphate,  0e2(804)3.0d804.61l20,  crystallises  in  the 
orthorhombic  system  (a  :  5  ;  c  =  1-1336  :  1  :  0-7535).® 

Cerous  nitratosulphate,  0e(N03)(804).H20,  crystallises  out  when  a  solution 
of  cerous  sulphate  in  concentrated  nitric  acid  is  evaporated  on  the  steam-bath.® 

Cerous  dithionate,  063(8303)3.241120,  is  extremely  soluble  in  water 
(John).  The  hydrate  with  ISHgO  separates  from  solution  at  15°-17°  in  tri- 
clinic  crystals  (a  :  6  :  c  =  0-5917  ;  1  : 1-1912  ;  a  =  81°  26',  /3  =  105°  21',  y  =  86°  38') 
of  density  2-288;  the  hydrate  with  3H2O  separates  above  20°,  in  triclinic 


^  Barre,  loc,  ciL  Solid  phases  not  specified. 

^  Wolff,  Zeitsch.  anorg.  Chem.,  1005,  45,  89. 

®  Kolb,  Zeitsch.  anorg.  Ghem.,  1908,  60,  123. 

^  Wyrouboff,  Bull.  Soc.  frartQ.  Min.,  1891,  14,  83. 

®  Wyrouboff,  loc.  cit, 

6  Wyrouboff  and  Verneuil,  Ann.  Chim.  Phys.,  1906,  [viii.],  9,  290. 
VOL.  IV.  25 
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crystals  {a  :  b  :  c  =  0-5807  : 1  :  1-2030;  a  =  89“  26',  /B  =  96“  9',.7  =  96“  18')  of  den¬ 
sity  2-631.1  ^  hydrate  with  I2H2O  is  also  known.^ 

Cerous  selenite,  002(8003)3.121120,  is  precipitated  from  cerous  acetate 
and  selenious  acid,  and  loses  9H2O  over  sulphuric  acid.  The  acid  selenites, 
Ce2(Se03)3.H2Se03.4H20  (or  5H2O)  and  002(8003)3. 3H2Se03.2H20,  have  also 
heen  described.^ 

Cerous  selenate,  063(8004)3,  and  hydrates  with  4,  6,  7,  8,  10,  11,  and 
I2H2O  have  been  described  by  Oingolani,  while  John  has  described  hydrates 
with  6  and  9H2O.  The  hydrates  are  less  soluble  in  hot  than  in  cold  water.^ 
The  following  double  salts  have  been  prepared  by  John  : — 

062(8004)3,  SKgSeO^  0e2(8e04)3.(NH4)28e04.9H20 

0e2(8e04)3.Na28e04.5H20 

Cerous  chromate. — Potassium  chromate  or  dichromate  gives  with  a 
solution  of  a  cerous  salt  a  yellow  precipitate  of  a  basic  salt.® 

Cerous  molybdate,  062(1^004)3,  forms  yellow  crystals  of  density  4-56.® 
Cerous  tungstate,  0e2(W04)3,  forms  sulphur-yellow  crystals  of  density 
6-514  and  specific  heat  0-0821.'^  It  melts  at  1089°.®  For  paratungstates, 
double  and  complex  tungstates,  see  p.  265. 

Cerous  silicotungstate,  0e4(Wi28i043)3.  See  p.  266. 

Oeeium  and  the  Nitrogen  Group. 

Cerous  nitride,  OeN. — The  preparation  of  this  compound  has  been 
described  (p.  267).  Gas  is  violently  evolved  when  a  little  water  is  added  to 
the  nitride  ; — 

OeN  +  2H2O  =  GeOa  +  NH3 -t- H. 

It  dissolves  in  acids,  producing  cerous  and  ammonium  salts,  e.g. : — 

2CeN  -f-  4H2SO4  =  063(804)3  -p  (NH4)2S04. 

Cerous  azide  {hydrazoate,  trinitride)  is  an  explosive  salt.® 

Cerous  nitrite,  Ce(N02)3.a;H20,  is  extremely  soluble  in  water,  from 
which  it  separates  in  transparent,  amber-yellow  crystals.  The  solid  salt  is 
very  unstable,  and  its  aqueous  solution  also  readily  decomposes  when  warmed, 
so  that  the  salt  h&s  not  been  obtained  in  a  state  of  purity.^® 

Cerous  nitrate,  Ce(N03)3.6H20,  forms  very  deliquescent,  triclinic 
crystals.^i  A  solution  of  the  salt  may  be  prepared  from  cerous  sulphate  and 
barium  nitrate,  by  heating  ceric  hydroxide  or  oxide  with  nitric  acid  and  a 
reducing  agent,  e.g.  hydrogen  peroxide,  or  by  heating  cerous  oxalate  with 


1  Wyrouboff,  Bull.  Soc.  frauQ.  Min.,  1891,  14,  83. 

^  Morgan  and  Cahen,  Trans.  Chem.  Soc,,  1907,  91,  475. 

®  John,  loc.  eit.;  Nilson,  Nova  Acta  Soc.  Upsala,  1875,  [iii.],  9,  No.  7  ;  Ber.,  1875,  8, 
655  ;  Bull.  Soc.  chim.,  1875,  [it],  23,  494. 

*  Oingolani,  Gazzetta,  1908,  38,  i.  292  ;  Atti  R.  Accad.  Lined,  1908,  [v.],  17,  i.  254  ; 
•John,  loc.  cit. 

®  Beringer,  Annalen,  1842,  42,  138. 

®  See  p.  265  ;  also  Didier,  Compt.  rend.,  1886,  102,  823. 

See  p.  265  ;  also  Didier,  loc.  cit. 

®  Zambonini,  Atti  R.  Accad.  Lined,  1913,  [v.],  22,  i.  519. 

®  Curtins  and  Darapsky,  J.  prakt.  Chevi.,  1900,  [ii.],  61,  408. 

Morgan  and  Cahen,  Trans.  Chem.  Soc.,  1907,  91,  475. 

”  Marignac,  Ann.  Chim.  Rhys.,  1873,  [iv.],  30,  56.  See  p.  268. 
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concentrated  nitric  acid.^  The  crystals  lose  SHgO  at  100°,  and  begin  to 
decompose  at  200°. 

Cerous  ammonium  nitrate,  Ce(N03)3.2(NH4)N03.4H20,  described  on 
p.  268,  has  been  prepared  by  numerous  chemists.^  Its  solubility,  in  grams 
of  Ce(N03)3.2(NH4)N03  per  100  of  water,  is  as  follows  (Wolff) 

Temp.  °  C . 8-8°  25°  45°  60°  65T° 

Grams  of  00(1^03)3. 2(NHJN03  235-5  296-8  410-2  681-2  817-4 


The  salt  2Ce(N03)3.3(NHjN03.12H20  separates  from  aqueous  solution 
of  0°.^ 


Cerous  ccesium  nitrate,  Ce(N03)3.2CsN03.2H20,  crystallises  in  the  mono¬ 
clinic  system  {a  :  b  :c=  1-2052  :  1  :  0-9816  ;  ^  =  103°  41').^ 

Cerous  rubidium  nitrate,  Ce(N03)3. 2RbN03.4H20,  has  been  described 

(p.  268), 

Cerous  potassium  nitrate,  Ce(N03)3.2KN0g.2H20,  crystallises  in  the  ortho¬ 
rhombic  system  (hemimorphic  ■,  a -.b  :  c  =  0-5227  :  1  :  0-5704).® 

Cerous  sodium  nitrate,  Ce(N0g)3.2NaN03.H20,  forms  hygroscopic  crystals 
of  density  2-65  at  0°.® 

Cerous  thallous  nitrate,  Ce(N03)3.2TlN03.4H20,  has  been  described  (p.  268). 
The  double  salts  of  cerous  nitrate  and  the  nitrates  of  bivalent  metals, 
2Ce(N03)33M°(N0g)2.24H20,  have  been  already  described.'^ 

Cerous  hypophosphite,  Ce(H2P02)3.H20,  crystallises  in  thin,  prismatic 
crystals.® 


Cerous  orthophosphate,  CePO^. — The  dihydrate,  CeP04.2H20,  is  ob¬ 
tained  by  double  decomposition  between  a  cerous  salt  and  phosphoric  acid  or 
an  alkali  phosphate.®  When  dried  it  forms  a  white,  amorphous  powder,  from 
which  orthorhombic  crystals  of  density  5-09,  closely  i-esembling  the  mineral 
monazite,  may  be  obtained  by  heating  to  redness  with  excess  of  fused  cerous 
chloride.  The  phosphate  dissolves  in  the  molten  chloride  and  crystallises 
out  on  cooling. 

The  double  phosphates,  K3P04.2CeP04,  and  Na3P0^.2CeP04,  have  been 
obtained  by  Ouvrard. 

Cerous  pyrophosphate,  Ce4(P207)3.12IJ20j  cerous  hydrogen  pyrophosphate, 
CeHPgO^,  and  cerous  sodium  pyrophosphate,  CeNaP207,  have  been  described, 
and  likewise  cerous  metaphosphate,  Ce(P03)3.^^  Cerous  pyrophosphate  is  readily 
soluble  in  dilute  mineral  acids. 


1  Jolin,  Bull.  Soc.  chim.,  1874,  [ii.],  21,  533  ;  Lange,  J.  prakt.  Chem.,  1861,  82,  129. 

“  Marignac,  loc.  citr-,  Fock,  Zeitsch.  Kryst.  Min.,  1894,  22,  37  ;  Kraus,  ihid.,  1901,  34, 
307  ;  Wollf,  Zeitsch.  anorg.  Chem.,  1906,  45,  89. 

®  Holzmann,  J.  prakt.  Chem.,  1861,  84,  76. 

^  Wyrouboff,  Bull.  Soe. /rang.  Min.,  1907,  30,  299;  Jautsch  and  Wigdorow,  Zeitsch. 
anorg.  Chem.,  1911,  69,  221. 

®  Lange,  loc.  cit.-,  Fock,  loc.  cit.‘,  Wyrouboff,  loc.  cit. 

®  Jantsch  and  Wigdorow,  loc.  cit. 

’’  Seep.  269  ;  also  Holzmann,  loc.  cit.  \  Lange,  loc.  cit.-,  Zscliiesclie,  J.  prakt.  Chem., 
1869,  107,  65;  Ramnielsberg,  Fogg.  Annalen,  1859,  108,  436. 

®  Rammelsberg,  Ber.,  1872,  5,  492. 

Jolin,  loc.  cit.-.  Hartley,  Trans.  Chem.  Soc.,  1882,  41,  202. 

Kadominski,  Compt.  rend.,  1875,  80,  304.  See  also  Ouvrard,  ibid.,  1888,  107,  37; 
Grandeau,  Ann.  Chim.  Phys.,  1886,  [vi.],  8,  193;  Holm,  Inaugural  Dissertation  {lA-amch, 
1902). 

Rosenheim  and  Triantaphyllides,  Ber.,  1915,  48,  582  (Ce4(P207)3. 12H2O);  Jolin,  loc. 
cit.  (CeHPgO.,);  Wallroth,  Bull.  Soc.  chim.,  1883,  [ii.],  39,  316  (CeNaP207) ;  Rammelsberg, 
loc.  cit.  (Ce(P03)3).  See  also  Johnston,  Ber.,  1889,  22,  976. 
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Ccrous  vanadate,  CeVO^,  may  be  obtained  in  dark-red,  dicbroic 
needles  by  fusing  sodium  orthovanadate  with  cerous  chloride.  The  com¬ 
pound  Ce203.6V205.27H20  is  also  known. 


Cerium  and  the  Carbon  Group. 

Cerium  carbide,  CeCg,  is  prepared  by  reducing  ceric  oxide  with  carbon 
in  the  electric  furnace.  It  has  been  already  described.^  The  reduction  of 
ceria  by  carbon  probably  proceeds  in  three  stages  : — 

2Ce02  +  C  =  CegOg-l-CO 
Ce203-|-9C  =  2CeC3  +  3C0 
CeCg  =  CeCg  -t-  C 

and  red  crystals  of  the  carbide  CeCg  may  be  isolated  under  suitable  conditions. 
They  are  decomposed  by  water  with  the  evolution  of  acetylene  ; —  ^ 

2CeC3  -1-  6H2O  =  2Ce(OH)3  +  SCgHg. 

Cerium  silicide,  CeSig,  is  prepared  by  heating  ceric  oxide  with  silicon 
in  the  electric  furnace.  It  forms  small,  lustrous  crystals  of  density  5‘67. 
It  is  decomposed  by  fluorine  in  the  cold  and  by  the  other  halogens  when 
heated.  It  burns  in  oxygen  at  a  red  heat.  Unlike  the  carbide,  cerium 
silicide  is  scarcely  affected  by  water  or  dilute  alkalies,  even  when  boiling ; 
and  although  it  dissolves  in  dilute  hydrochloric  and  sulphuric  acids,  the  gas 
evolved  is  pure  hydrogen.® 

Cerous  carbonate,  062(003)3.51130,  is  known,^  and  also  the  following 
double  carbonates  : —  ® 

0e,(00,)3.K„003.3H„0  (and  I2H2O)  20e,(00„)3.3Na2003.24H20 

0e2(003)3.2Na2003.2H20  0e;(003)3.(NH,)2003.6H20 

For  preparation  and  properties,  see  p.  271. 

Cerous  thiocyanate,  Oe(ON  8)3.71120,  and  the  double  salt,  0e(0NS)3. 
3Hg(0N)2.12H20,  are  known.  (John;  see  p.  272.) 

Cerous  platinocyanide,  20e(0N)3.3Pt(0N)2.18H20,  crystallises  in 
yellow  prisms  (sp.  gr.  2'657)  having  a  blue  reflex.® 

Cerous  ethylsulphate,  0e(02H5.S04)g.91l20,  has  been  described  (p.  278). 
Cerous  acetylacetonate,  Oe(CH3.CO.OH.CO.OH3)3,  has  also  been  de¬ 
scribed  (p.  279). 

Cerous  oxalate,  062(0204)3.101120,  may  readily  be  obtained  by  double 
decomposition  as  a  white,  crystalline  powder.  The  oxalate  when  air-dried 
has  the  above  composition,  but  crystalline  hydrates  containing  flHgO,  9H2O, 


^  See  p.  270;  also  Sterba,  Gom.pt.  rend,,  1902,  134,  1056  ;  Ann.  Chim.  Phys.,  1904, 
[viii.],  2,  223. 

^  Damiens,  Oompt.  rend.,  1913,  157,  335. 

*  Sterba,  Compt.  rend.,  1902,  135,  170  ;  A?m.  Chim.  Phys.,  1904,  [viii  ],  2,  229. 

*  Beringer,  Annalen,  1842,  42,  138  ;  Jolin,  Bull.  Soc,  chim.,  1874,  [ii.],  21,  533  ; 
Czudnowicz,  J.  prakt.  Cheni.,  1861,  82,  277. 

®  Jolin,  loc.  eit.  \  R.  J.  Meyer,  Zeitsch,  anorg.  Ghem.,  1904,  41,  97;  K.  A.  Hofmann  and 
Hoschele,  Ber,,  1915,  48,  20  (Ce-NH^). 

®  Czudnowicz,  J,  prakt.  Ghem,,  1860,  80,  16 ;  Lange,  ibid.,  1861,  82,  129.  See 
also  p.  272. 
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and  llHgO  have  also  been  prepared.^  For  the  solubility  of  cerous  oxalate 
in  water  and  acids,  see  p.  273. 

Cerous  oxalate  is  transformed  into  a  crystalline  oxalochloride  when  it 
is  dissolved  in  hot,  concentrated  hydrochloric  acid,  and  the  solution  allowed 
to  cool.^ 

Cerous  salts  of  other  organic  acids. — The  following  salts  have 
been  described : — 

Cerous  formate,^'  acetate,^'  ®  propionate,^  butyrate^-  isohxhtyrate,^  mono- 
chlor-,^ dichlor-^'^  and  trichlor-acetate,^ succinate,^  citrate,^’  tartrate,^'  glycol- 
late^"'  dimethylpho&phate^^  crotonate,^^  malate  and  acid  malate,^^  maleate 
and  acid  maleate, fumarate  and  acid  fumarate,^^  malonate  and  acid 

malonate^'^  benzoate,^  salicylate,"^  phthalate'^^  and  acid phthalate^"^  hippurate,^ 
phenoxy acetate^  sulphanilate,^"^  benzenesulphonate,^'^  m-nitrobenzenesidphonate,^^ 
p-dibromobenzenesulphonate,^^  1:4:  %bromonitrobenzenesulphonate^  phenol-p- 
sulphonate,^"^  naphthionate,^"^  jB-naphthol-Q-sulphonate,^"^  camphor- j^-sulphonate,^"^ 
chromotropate,^^  anthraquinonesnlphonate^^  and  numerous  naphthalene- 
svlphonates?^ 

Cerous  silicate,  ^62(8103)3,  may  be  obtained  in  prismatic  crystals  by 
fusing  together  cerous  chloride  or  oxychloride,  silica  and  sodium  or  calcium 
chloride.^^ 


Cerium  and  Boron. 

Cerous  metaborate,  Ce(B02)3,  has  been  described.^® 


CERIC  COMPOUNDS.21 

Ceric  salts  are  derived  from  the  feebly  basic  oxide  Ce02,  and  are  yellow, 
orange,  or  red  in  colour.  Being  salts  derived  from  a  weak  base,  they  are  con¬ 
siderably  hydrolysed  in  aqueous  solution,  and  normal  ceric  salts  of  weak 
acids  are  not  known.  Further,  the  normal  chloride  and  nitrate  are  only 
known  in  combination  as  double,  or  possibly  complex,  salts.  Aqueous  solutions 


1  Holzmann,  J.  pralct.  Chem.,  1861,  84,  76  ;  Jolin,  Bull,  Soe.  chim.,  1874,  [ii.],  21, 
533;  Erk,  Jahresber.,  1870,  p.  319;  Power  and  Shedden,  J.  Soc.  Chem.  Ind.,  1900,  19, 
636  ;  Wyrouboff,  Bull.  Soe.franf.  Min.,  1901,  24,  105  ;  Hauser  and  Wirth,  Zeitsch.  anal. 
Chem.,  1908,  47,  389  ;  Wirth,  Zeitsch,  anorg.  Chem.,  1912,  76,  174.  See  also  p.  273. 

2  Job,  Compt.  rend,,  1898,  126,  246. 

®  Jolin,  Bull.  Soc.  chim.,  1874,  [ii.],  21,  533. 

Lange,  J.  prakt.  Chem.,  1861,  82,  129. 

®  Czudnowicz,  ibid.,  1861,  82,  277. 

*  Wolff,  Zeitsch.  anorg.  Chem.,  1905,  45,  89. 

Behrens,  Arch.  Norland.,  1901,  [ii.],  6,  67. 

®  Pratt  and  James,  J.  Amer.  Chem.  Soc.,  1911,  33,  1330. 

®  Katz  and  James,  ibid.,  1913,  35,  872. 

Morgan  and  James,  ibid.,  1914,  36,  10. 

“  Erdmann  and  Wirth,  Annalen,  1908,  361,  190. 

Rimbach  and  Kilian,  ibid.,  1909,  368,  110. 

Rimbach  and  Schubert,  Zeitsch.  physikal.  Chem.,  1909,  67,  183. 

Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  53,  83. 

Jantsch  and  Griinkraut,  ibid.,  1913,  79,  305. 

Armstrong  and  Rodd,  Proc.  Boy.  Soe,,  1912,  A,  87,  204. 

G.  T.  Morgan  and  Cahen,  Trans,  Chem.  Soc.,  1907,  9^,  475. 

Erdmann  and  Meszytka,  Annalen,  1908,  361,  166. 

Didier,  Compt.  rend.,  1885,  lOO,  1461  ;  lOl,  882. 

See  p.  282,  and  cf.  Ceric  Borate  on  p.  404. 

Ceroceric  and  perceric  compounds  are  also  included  in  this  section. 
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of  ceric  salts,  owing  to  hydrolysis,  react  strongly  acid.  The  solutions  are 
vei’y  unstable  and  are  easily  reduced  to  the  cerous  state.  On  the  ionic 
hypothesis,  the  instability  is  attributed  to  the  ceric  ion,  Ce”",  the  oxidation 
potential  of  which  is  greater  than  that  of  oxygen ;  acid  solutions  of  ceric  salts 
accoi’dingly  behave  as  if  they  were  supersaturated  with  oxygen.^  In  alkaline 
media,  however,  ceric  compounds  are  not  readily  reduced  to  the  cerous  state, 
while  the  converse  change  is  very  easy  to  effect. 

Hydrolysis  of  Ceric  Salts. — The  hydrolysis  of  a  ceric  salt  in  cold, 
aqueous  solution  proceeds  for  a  long  time  after  the  solution  has  been  prepared, 
and  the  colour  fades  away  very  perceptibly ;  the  hydrolysis  may  be  hastened 
and  increased  by  raising  the  temperature.  A  freshly  prepared  solution  of  a 
ceric  salt  immediately  darkens  in  colour  when  a  mineral  acid  is  added,  since 
the  degree  of  hydrolysis  is  thereby  diminished ;  with  an  old  solution,  how¬ 
ever,  the  deepening  of  the  colour  takes  place  very  slowly.  Again,  a  fresh 
solution  is  immediately  decolorised  by  hydrogen  peroxide,  with  the  formation 
of  a  cerous  salt  and  oxygen,  but  an  old  solution  first  turns  dark  red  in  colour 
when  similarly  treated,  and  is  only  slowly  reduced.^  By  the  hydrolysis  of 
ceric  salts  basic  ceric  salts  are  produced,  which,  under  suitable  circumstances, 
may  be  utilised  for  the  separation  of  ceria  from  the  other  rare  earths 
(see  p.  332). 

Colloidal  Ceric  Compounds. — A  cold  solution  of  ceric  nitrate  in  which 
hydrolysis  has  proceeded  to  a  considerable  extent,  either  by  long  standing  or 
by  heating,  contains  a  colloidal  hydrosol,  which  coagulates  when  nitric  acid 
is  added  and  is  almost  quantitatively  precipitated  if  12  cubic  centimetres 
of  concentrated  nitric  acid  are  added  for  every  100  cubic  centimetres  of 
dilute  ceric  solution  present.  The  hydrogel  thus  obtained,  when  dried  over 
potassium  hydroxide,  forms  an  amber-coloured,  horny,  translucent  solid  of 
the  composition  ICeOg.NgOg.SHgO.  It  easily  changes  back  into  the  hydrosol 
in  contact  with  water,  giving  a  greenish,  limpid  solution  unless  it  is  very 
concentrated,  when  a  faint  opalescence  is  observable.  Submitted  to  dialysis, 
the  solution  loses  nitric  acid ;  the  whole  of  the  acid  present  in  the  hydrosol, 
however,  cannot  be  thus  removed,  the  decomposition  ceasing  when  the  ratio 
28Ce02  :  IN2O5  is  reached. 

When  the  solution  of  the  basic  nitrate  hydrosol  is  treated  with  one-fifth 
its  volume  of  concentrated  hydrochloric  acid,  the  cerium  is  almost  quanti¬ 
tatively  precipitated  as  a  hydrogel  which  has  the  composition  4Ce02.2HCl. 
34H2O  and  is  very  similar  in  properties  to  the  basic  nitrate ;  in  solutions  of 
both  of  these  cojnpounds  one-half  of  the  acid  present  may  be  neutralised  with 
sodium  hydroxide  before  ceric  hydroxide  begins  to  be  precipitated.  When, 
however,  a  dilute  solution  of  a  dibasic  acid  (or,  better,  its  ammonium  salt)  is 
added  to  the  basic  nitrate  hydrosol,  a  hydrogel  is  precipitated  which  does  not 
dissolve  in  water.  The  basic  sulphate,  4CeO2.SO3.5H2O,  for  instance,  -which 
resembles  the  chloride  and  nitrate  in  appearance,  loses  half  its  sulphuric  acid 
when  washed  with  warm  water,  but  does  not  dissolve  to  any  appreciable  extent. 

The  addition  of  ammonia  to  the  basic  niti-ate  hydrogel  converts  the  latter 
into  a  hydroxide  which  has  the  composition  SCeOg.llHgO  when  dried  over 
potassium  hydroxide,  and  the  same  horny  appearance  as  the  basic  nitrate. 

Colloidal  compounds  similar  in  properties  to  the  preceding  may  be  pre¬ 
pared  containing  lanthanum,  praseodymium,  etc.,  in  addition  to  cerium. 


1  Bauv  and  Glaessner,  Zeitsch.  Elektrochem,,  1903,  9,  534. 

®  R.  J.  Meyer  and  Jacoby,  Ber.,  1900,  33,  2136  ;  Zeitsch.  anorg.  Ohem.,  1901,  27,  359. 
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Concerning  the  constitution  of  these  colloidal  substances,  little  can  be  said 
beyond  the  statement  that  they  do  not  appear  to  be  basic  salts  of  the  ordinary 
type.  WyroubofF  and  Verneuil  regard  them  as  derivatives  of  polymerised  or 
“  condensed  ’  ceric  hydroxides,  such  as  Ce2^0j5(0H)gQ(0H)g,  in  which  only  part 
of  the  hydroxyl  (the  (OH)g  of  the  preceding  formula,  for  example)  is  capable 
of  reacting  with  acids ;  they  speak  of  the  compounds  as  being  derived  from 
certain  metaoxides  or  mixed  metaoxides,^  the  term  “  meta-”  being  used  as  in 
naming  “  condensed  ”  acids,  e.g.  metastannic  and  metatungstic  acids.  There 
is  very  little  evidence,  however,  for  the  molecular  formulse  ascribed  to  these 
compounds  by  the  French  chemists.^ 

Colloidal  basic  ceric  compounds  of  another  type  have  also  been  prepared 

Wyrouboff  and  Verneuil,  who  speak  of  them  as  derivatives  of  &  paraoxide. 
A  description  of  the  basic  nitrate  may  be  given.  When  cerous  oxalate  is 
calcined  in  air  at  the  lowest  possible  temperature,  a  canary-yellow  residue  of 
ceria  is  obtained  containing  2 '9  per  cent,  of  water.  It  is  quite  indifferent 
towards  concentrated  nitric  acid,  but  is  transformed  into  a  white,  gelatinous 
substance  when  heated  to  100°  with  3  per  cent,  nitric  acid  for  several  hours. 
This  substance,  when  separated  from  the  dilute  acid  by  decantation,  may  be 
dissolved  in  water.  The  solution  has  a  decidedly  milky  appearance ;  the 
hydrosol  it  contains  may  be  completely  precipitated  by  the  addition  of  nitric 
acid  (2  per  cent.)  or  ammonium  nitrate,  and  dries  at  100°  to  a  very  pale- 
coloured,  horny,  translucent  mass,  soluble  in  water.  Wyrouboff  and  Verneuil 
propose  the  molecular  formula  20Ce02.N205-^®2®  substance ;  basic 

chlorides,  sulphates,  etc.,  and  another  modification  of  ceric  hydroxide  may  be 
prepared  from  it  as  in  the  case  of  the  meta-nitrate.  Moreover,  the  French 
chemists  state  that  when  cerous  hydroxide,  precipitated  from  a  cerous  salt  by 
means  of  ammonia,  is  oxidised  to  ceric  hydroxide  by  a  current  of  air,  the 
product  is  almost  entirely  insoluble  in  boiling  concentrated  nitric  acid,  and 
that  the  insoluble  portion  is  colloidal,  dissolving  in  water  to  form  a  solution 
of  the  para-hydroxide. 

Further  work  upon  these  interesting  substances  is  very  desirable. 
Conversion  of  Cerous  into  Ceric  Compounds. — Owing  to  the  great 
instability  of  ceric  chloride,  this  transformation  cannot  be  effected  in  solutions 
acidified  with  hydrochloric  acid. 

(i.)  Oxidation  in  nitric  acid  solution. — A  solution  of  cerous  nitrate  in 
concentrated  nitric  acid  may  be  oxidised  to  ceric  nitrate  to  the  extent  of  6-8 
per  cent,  by  evaporation  at  100°.^  In  the  presence  of  the  requisite  amount  of 
alkali  nitrate,  some  30  per  cent,  or  more  of  the  cerous  salt  may  be  oxidised, 
a  result  that  is  attributed  to  the  transformation  of  the  ceric  ions  Ce‘"',  as  they 
a  re  produced,  into  the  complex  ion  Co(N03)g",  the  probable  existence  of  which 
has  been  shown  by  Meyer  and  Jacoby  (see  p.  400).^  Provided  that  (i.)  a 
cerous  salt  is  readily  soluble,  and  the  corresponding  ceric  salt  only  sparingly 
soluble  in  concentrated  nitric  acid,  and  (ii.)  the  acid  from  which  the  cerous 
salt  is  derived  is  not  attacked  by  nitric  acid,  e.g.  iodic,  phosphoric,  and  arsenic 
acids,  the  oxidation  of  the  cerous  to  the  ceric  salt  may  be  readily  accomplished 
by  boiling  it  with  concentrated  nitric  acid.® 


^  It  would  be  more  correct  to  say  metahydroxides. 

2  Wyrouboff  and  Verneuil,  Compt.  rend.,  1898,  127,  863  ;  1899,  128,  501 ;  Bull._  Soc. 
chivi.,  1899,  [iii.],  21,  118  ;  Ann.  Chim.  Phys.,  1906,  [viii.],  9,  289. 

®  Giles,  Chem.  News,  1905,  92,  1  ;  Barbieri,  Aiti  R.  Accad.  Lincei,  1907,  [v.],  16,  i.  395, 
^  Barbieri,  loc.  cit. 

5  Barbieri,  ibid.,  1907,  [v.],  16,  i.  644  ;  £er.,  1910,  43,  2214. 
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Oxidation  in  nitric  acid  solution  may  be  effected  by  the  use  of  various 
oxidising  agents,  e.y.  lead  peroxide  and  bismuth  tetroxide  j  the  processes  aie 
useful  in  connection  with  the  analytical  chemistry  of  cerium.^ 

(ii.)  Oxidation  in  sulphuric  acid  solidion. — This  may  be  accomplished  by 
means  of  ammonium  persulphate  or  sodium  bismuthate.  The  processes  are 
useful  for  analytical  purposes  (see  p.  373),  and  the  former  may  also  be 
utilised  for  the  preparation  of  pure  ceria  (see  p.  333). 

(iii.)  Electrolytic  oxidation. — The  electrolysis  of  cerous  nitrate  or  sulphate 
between  platinum  electrodes  in  neutral  or  slightly  acid  solution  leads  to  the 
separation  of  ceric  hydroxide  or  basic  ceric  salt  at  the  anode ;  but  in  the 
presence  of  sufficient  mineral  acid,  ceric  salt  is  produced  in  solution.  As 
much  as  95  per  cent,  of  the  cerium  may  be  oxidised  under  suitable 
conditions.^ 

(iv.)  Oxidation  in  alkaline  media. — Cerous  hydroxide  is  readily  oxidised  to 
ceric  hydroxide  by  alkali  hypochlorite  or  hypobromite.  Cerous  salts  are  also 
readily  converted  into  ceric  hydroxide  by  potassium  permanganate  in  the 
presence  of  a  base,  e.g.  sodium  hydroxide  or  magnesia.  These  reactions  are  of 
considerable  value  both  in  preparation  work  (see  pp.  335,  336)  and  in  analytical 
chemistry  (see  p.  373).  A  solution  of  cerous  carbonate  in  potassium  car¬ 
bonate  is  easily  oxidised  by  oxygen  or  hydrogen  peroxide  (see  p.  401). 

In  alkaline  or  acetic  acid  solution,  cerous  compounds  may  be  oxidised  to 
perceric  compounds  by  means  of  hydrogen  peroxide  (see  pp.  401-3). 

Conversion  of  Ceric  into  Cerous  Compounds. — In  acid  solution 
ceric  salts  may  be  reduced  to  the  cerous  state  with  great  ease  by  numerous 
reducing  agents,  e.g.  hydrogen  peroxide,  sulphurous  acid,  hydrochloric, 
hydrobromic,  and  hydriodic  acids,  oxalic  acid,  stannous  chloride,  ferrous 
sulphate,  etc.  The  neatest  method  is  that  involving  the  use  of  hydrogen 
peroxide,  but  on  a  large  scale  it  is  rather  expensive.  The  transformation 
from  ceric  nitrate  or  sulphate  into  cerous  oxalate  is  readily  effected  in  warm, 
acid  solution  by  the  addition  of  oxalic  acid. 

The  conversion  of  cerium  dioxide  into  cerous  salts  is  worthy  of  special 
notice,  inasmuch  as  the  dioxide  is  insoluble  in  hot,  concentrated  hydrochloric 
or  nitric  acid.  The  conversion  into  cerous  nitrate  may  be  accomplished  very 
neatly  by  warming  the  oxide  with  moderately  concentrated  nitric  acid  and 
adding  hydrogen  peroxide  from  time  to  time.  The  conversion  into  cerous 
sulphate  or  chloride  may  be  brought  about  by  heating  the  oxide  with  hydro- 
quinone  and  an  excess  of  the  requisite  acid  in  aqueous  solution,  the  hydro- 
quinone  being  converted  into  benzoquinone  and  quinhydrone.^  Ceria  may 
also  be  converted  into  cerous  sulphate  by  heating  it  with  concentrated 
sulphuric  acid  until  it  has  been  converted  into  ceric  sulphate  and  reducing 
its  aqueous  solution  with  sulphurous  acid ;  while  it  may  be  converted  into 
anhydrous  cerous  chloride  by  heating  in  the  vapour  of  disulphur  dichloride 
(p.  252),  and  into  a  solution  of  cerous  chloride  (plus  alkali  chloride)  by  heat¬ 
ing  with  concentrated  hydrochloric  acid  and  ati  alkali  iodide  (p.  332). 

^  See  p.  373.  For  the  use  of  the  lead  peroxide  method  in  prej>aring  pure  ceria,  see 
Robinson,  Proe.  Roy.  Soc.,  1884,  37,  150  ;  Chem.  News,  1884,  50,  251. 

®  Erk,  Jahresber.,  1870,  p.  319  ;  Smith,  Rer.,  1880, 13,  754  ;  Brieout,  Compt.  rend.,  1894, 
118,  145  ;  Kolle,  Inaugural  Dissertation  (Zurich,  1898) ;  von  Knotre,  Zeitsch.  angew.  Chem., 
1897,  10,  685,  717  ;  Job,  Compt.  rend.,  1899,  128,  101 ;  Sterba,  ibid.,  1901,  133,  221 ;  Ann. 
Chim.  Rhys.,  1904,  [viii.],  2,  193  ;  Mublbach,  Inaugural  Dissertation  (Munich,  Tech. 
Hochschule,  1903);  Krilitschewski,  Inaugural  Dissertation  (Geissen,  1904);  Plancher  and 
Barbieri,  Atti  R.  Accad.  Lined,  1904,  [v.],  14,  i.  119.  See  also  p.  334. 

®  Marino,  OazzeUa,  1 907,  37,  i.  51. 
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Cerium  and  the  Fluorine  Group. 

Ceric  fluoride,  CeF^.HgO,  is  obtained  as  a  brown  powder,  insoluble  in 
water,  by  acting  upon  ceric  hydroxide  with  hydrogen  fluoride  and  drying  the 
residue  at  100  .  When  heated,  water,  hydrogen  fluoride,  and  possibly 
fluorine,  are  evolved.^  According  to  Brauner,  the  double  salt  2CeF4.3KF.2H2O 
is  produced  by  the  action  of  potassium  hydrogen  fluoride  on  ceric  hydroxide. 
Rimbach  and  Kilian  ^  could  not  obtain  this  salt,  but  have  prepared  a  series 
of  double  salts  of  the  type  2CeF4.MF2.7H2O,  where  M  =  Cd,  Cu,  Co,  Ni,  or  Mn. 
They  are  decomposed  by  water. 

Ceric  chloride,  CeCl4. — This  salt  has  not  been  isolated.  It  can  be 
obtained  in  solution,  but  the  solution  cannot  be  kept  without  decomposing. 
Thus,  ceric  hydroxide  dissolves  in  cold  concentrated  hydrochloric  acid  with 
the  production  of  a  dark  red  solution ;  chlorine,  however,  is  slowly  evolved, 
and  ultimately  a  solution  of  cerous  chloride  remains.  The  decomposition 
proceeds  rapidly  in  hot  solutions. 

By  preparing  a  solution  of  ceric  chloride  in  methylalcoholic  hydrogen 
chloride  and  adding  an  organic  base,  crystalline  double  chlorides  may  be 
prepared.  The  'pyridine^  quinoline,  and  triethylamine  salts  have  thus  been 
made,3  and  ascribed  the  formulae  CeCl4.2(C5H5N.HCl),  CeCl4.2(C9H7N.HCl),  and 
CeCl4.2[(C2H5)3N.HCl].  The  compositions  of  these  compounds,  however,  vary 
with  the  amounts  of  the  reacting  salts.^ 

Ceric  iodate,  Ce(I03)* *,  may  be  prepared  by  heating  together  cerous 
nitrate,  iodic  acid,  and  concentrated  nitric  acid.  It  is  a  yellow  crystalline 
salt,  very  sparingly  soluble  even  in  boiling  nitric  acid,  and  hydrolysed  some¬ 
what  by  water.® 

Cerium  and  the  Oxygen  Group. 

Ceroceric  oxide,  0040^  or  Ce5,Oj2  (?)• — When  cerium  dioxide  is  heated 
to  a  red  heat  in  a  current  of  dry  hydrogen  free  from  air,  it  is  partially 
reduced  and  loses  in  weight  by  about  2  per  cent.  The  reduction  proceeds 
most  rapidly  with  an  oxide  that  has  not  previously  been  intensely  ignited, 
but  such  an  oxide  is  liable  to  have  retained  a  little  water ;  accordingly  it  is 
difficult  to  obtain  reliable  analytical  data  concerning  the  product  formed 
by  the  reduction.  The  lower  oxide  is  considered  to  correspond  to  the  violet 
ceroceric  hydroxide  (described  below)  and  to  the  acid  salt  known  as  ceroceric 
hydrosulphate  (p.  397) ;  hence  Meyer  regards  it  as  Ce407,  and  WyroubofF  and 
Verneuil  as  Ce7.042.  It  is  a  blue  or  bluish-black  solid  which  readily  absorbs 
oxygen  and  is  sometimes  pyrophoric.® 

Ceroceric  hydroxide,  Ce(OH)3.Ce(OH)4  or  4Ce(OH)3.3Ce(OH)4  (1).— 
When  white  cerous  hydroxide  is  exposed  to  air  or  oxygen,  it  absorbs  oxygen  and 
is  eventually  converted  into  yellow  ceric  hydroxide,  but  the  initial  product 


1  Brauner,  Trans.  Ghem.  Soc.,  1882,  41,  68. 

*  Rimbach  and  Kilian,  Annalen,  1909,  368,  101. 

^  Koppel,  Zeitsch.  anorg.  Ghem.,  1898,  18,  305. 

*  Grant  and  James,  J.  Amer.  Ghem.  Soc.,  1915,  37,  2652. 

®  Barbieri,  Atti  R.  Accad.  Lincei,  1907,  [v.],  16,  i.  644. 

«  Sterba,  Gompt.  rend.,  1901,  133,  221;  Ann.  Ghim.  Rhys.,  1904,  [viii.],  2,  210; 
R.  J.  Meyer,  Zeitsch.  anorg.  Ghem.,  1903,  37,  378;  Wyrouboff  and  Verneuil,  Ann.  Ghim. 
Phrjs.,  1906,  [viii.],  9,  289.  The  early  workers  obtained  erroneous  results;  see  Beriuger, 
Annalen,  1842,  42,  138;  Bunsen,  iUd.,  1858,  105,  40,  45;  Rammelsberg,  Pogg.  Annalen, 
1859,  108,  40;  Winkler,  Ber.,  1891,  24,  873. 
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of  oxidation  has  a  violet  or  purple  tint.  A  precipitate  of  the  same  violet 
colour  is  obtained  by  adding  an  alkali  hydroxide  to  a  solution  of  a  mixture 
of  a  cerous  and  a  ceric  salt,  and  the  colour  attains  a  maximum  intensity  when 
the  ratio  Ce^^’-  Ce^'^  has  a  certain  definite  value,  which,  however,  can  only  be 
approximately  estimated.  WyroubotF  and  Verneuil  consider  that  this  inter¬ 
mediate  hydroxide  is  obtained  in  a  pure  state  by  precipitating  ceroceric 
hydrosulphate  with  alkali,  and,  if  this  is  the  case,  its  composition  is  probably 
expressed  by  one  or  other  of  the  alternative  formulae  given  above.  The  violet 
hydroxide  becomes  bluish-black  in  colour  when  dried  in  vacuo,  but  a  slight 
oxidation  to  ceria  is  always  observed.^ 

Ceric  oxide,  cerium  dioxide,  or  ceria,  CeOg,  may  be  prepared  by  the 
ignition  of  cerous  or  ceric  hydroxide,  nitrate,  sulphate,  etc.,  or  by  the  ignition 
of  the  cerous  salt  of  any  volatile  oxyacid ;  it  is  perhaps  most  commonly 
prepared  by  the  ignition  of  cerous  oxalate. 

Ceria  is  an  amorphous  powder  of  specific  gravity  6 '405  at  17°  w'hen  pre¬ 
pared  from  the  oxalate,  and  6‘99  when  obtained  from  the  nitrate  (Sterba)  ;  its 
specific  heat  is  0-0877  (0°-100°).2  There  has  been  a  great  deal  of  discussion 
over  the  question  of  the  colour  of  ceria.  It  might  be  anticipated  that  ceria, 
like  zirconia  and  thoria,  would  be  white.  Most  experimenters  agree  that 
pure  ceria  ®  has  a  pale  yellow  colour.  The  depth  of  colour  depends  upon  the 
temperature  at  which  the  oxide  has  been  calcined  and  the  salt  from  which  it 
has  been  prepared.  When  prepared  by  the  prolonged  ignition  of  cerous 
sulphate  at  a  white  heat,  its  tint  is  so  slight  that  it  may  almost  be  said  that 
the  ceria  is  white,^  but  when  obtained  at  a  lower  temperature  by  the  ignition 
of  cerous  oxalate  or  ceric  ammonium  nitrate  it  has  a  more  pronounced  tint, 
usually  described  as  that  of  pale  chamois.  On  the  other  hand,  Spencer  claims 
that  when  ceric  sulphate  is  heated  for  a  prolonged  period  at  temperatures 
below  a  red  heat,  cerium  dioxide  is  formed,  which  is  pure  white ;  further, 
that  when  the  ceria  is  heated  above  a  red  heat  it  shrinks  in  volume  and 
becomes  pale  yellow  in  colour.  Ceria  darkens  in  colour  very  markedly  when 
heated,  but  returns  (practically)  to  its  original  colour  when  cooled.®  When 
ceria  is  contaminated  with  a  little  of  the  other  earths  of  the  cerium  group, 
it  is  salmon-coloured,  reddish-brown,  or  brown,  according  to  the  extent  of  con¬ 
tamination  and  the  temperatnre  of  ignition.  The  coloration  is  attributed 
mainly  to  the  presence  of  praseodymia,  or  rather,  its  peroxide. 

'  Dennis  and  Magee,  J.  Amer.  Chew.  Soc.,  1894,  i6,  662;  Wyrouboff  and  Verneuil, 
loe.  cit.;  Rammelsbeig,  Pogg.  Annalen,  1859,  lo8,  45. 

^  Nilson  and  Pettersson,  Oompt.  rend.,  1880,  91,  232;  Per.,  1880,  13,  1459. 

®  For  the  preparation  of  which  see  p.  337. 

*  In  this  sense  of  the  term,  ceria  is  said  to  be  white  by  WyrouboflP  and  Verneuil  {Oompt. 
rend.,  1897,  124,  1300;  Ann.  Chim.  Phgs.,  1906,  [viii.],  9,  356),  who  consider  that  it  is 
possible  to  distinguish  different  kinds  of  white,  and  that  the  colour  of  cei'ia  prejiaved  from 
cerous  sulphate  by  ignition  is  not  definite  enough  to  be  described  as  anything  but  a  parti¬ 
cular  kind  of  white. 

®  Sterba  {Oompt.  rend.,  1901,  133,  221;  Ann.  Oliim.  Phys.,  1904,  [viii.],  2,  193)  has 
prepared  ceria  devoid  of  any  yellow  tint,  but  Brauner  has  shown  that  the  ceria  so  prepared 
contains  traces  of  impurities.  Other  chemists  {e.g.  Wolf,  Amer.  J.  Sci.,  1868,  [ii.],  46,  5:!; 
Moissan,  Oompt.  rend.,  1897,  124,  1233)  have  also  described  ceria  as  being  white.  Sterba, 
after  preparing  ceria  in  various  ways,  concluded  that  it  could  be  white  or  pale  citron  yellow 
in  colour,  and  that  the  yellow  colour,  which  could  not  be  attributed  to  iron,  platinum,  or 
other  rare  earth  elements,  might  possibly  be  due  to  the  presence  of  traces  of  a  higher  oxide 
than  the  dioxide.  Spencer’s  results  appear  to  lend  support  to  this  view.  On  the  question 
of  the  colour  of  pure  ceria,  see  Sterba,  loe.  cit.-,  Wyrouboff  and  Verneuil,  loc.  cit.-,  R.  J. 
Meyer,  Zeitsch.  anorg.  Chem.,  1903,  37,  378;  Brauuer,  ibid.,  1903,  34,  207;  Neish,  J. 
Amer.  Ohein.  Soc.,  1909,  31,  517;  J.  F.  Spencer,  Trans.  Chem.  Soc.,  1915,  107,  1265. 
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Ceria  is  readily  obtained  in  tlie  crystalline  form  by  adding  anhydrous 
cerous  sulphate  to  molten  magnesium  chloride,  allowing  to  cool  slowly,  and 
extracting  the  mass  with  hydrochloric  acid.  The  crystals  belong  to  the 
regular  system  and  exhibit  faces  of  the  cube  and  octahedron.  They  are 
practically  colourless,  very  hard  and  very  brilliant,  the  refractive  index  being 
high  (about  T9) ;  they  have  a  density  of  7 '3.^  If  small  quantities  of  another 
rare  earth  sulphate  are  added  in  the  preparation,  e.g.  neodymium,  praseo¬ 
dymium  or  erbium  sulphate,  beautiful  coloured  crystals  may  be  obtained.^ 

Ceria  does  not  melt  at  c.  1900°,  but  it  volatilises  in  vacuo  quite  rapidly  at 
that  temperature.®  It  readily  melts  in  the  electric  furnace  and  attacks  the 
containing  vessel. 

Ceria  is  a  very  stable  oxide,  but  it  can  be  reduced  to  the  metallic  state  by 
heating  it  with  aluminium  ^  or  magnesium.®  By  neither  of  these  methods,  how¬ 
ever,  has  a  regulus  of  the  metal  been  obtained.  The  action  of  other  reducing 
agents  is  discussed  in  connection  with  cerous  oxide  and  ceroceric  oxide. 

Crystalline  ceria  is  very  resistant  tow'ards  acids  and  alkalis.  The  amorphous 
substance  after  ignition  is  insoluble  in  hydrochloric  or  nitric  acid,  except  in 
the  presence  of  a  suitable  reducing  agent,  e.g.  hydrogen  peroxide,  hydriodic 
acid,  or  stannous  chloride,  when  it  passes  into  solution  as  a  cerous  salt. 
Concentrated  sulphuric  acid  converts  it  into  ceric  sulphate,  while  moderately 
concentrated  acid  causes  partial  reduction  to  cerous  sulphate  and  dilute  acid 
has  no  perceptible  action. 

Ceria  acts  as  an  oxygen-carrier  towards  other  substances,  in  a  manner 
that  is  not  at  present  understood.®  It  may  therefore  be  employed  as  the 
catalyst  in  Dennstedt’s  method  for  the  combustion  of  organic  compounds.'^ 

Ceria  is  a  very  weakly  basic  oxide  ;  it  is  possible  that  it  can  also  act  as  a 
feebly  acidic  oxide.  It  has  been  pointed  out  in  describing  the  preparation  of 
ceria  (p.  332)  that  rare  earth  mixtures  obtained  by  the  ignition  of  the  mixed 
oxalates  are  completely  soluble  in  nitric  or  hydrochloric  acid,  provided  that 
the  ceria  does  not  exceed  45  to  50  per  cent,  of  the  mixture ;  pure  ceria,  how¬ 
ever,  is  insoluble  in  these  acids.  The  usual  explanation  of  these  results  is 
that  the  ceria  acts  as  a  feeble  acid  and  combines  with  the  other  strong  bases 
present  to  form  salts  ;  these  salts  are  decomposed  by  a  strong  acid  with  the 
liberation  of  ceric  acid,  i.e.  ceric  hydroxide,  which  is  soluble,  as  a  base,  in  the 
excess  of  strong  acid  present.  If  such  is  the  case,  the  salts  must  apparently 
be  of  the  type  M203.2Ce02  or  2M203.30e02  in  order  to  account  for  the  45-50 
per  cent,  limit  to  the  solubility  of  the  ceria. 

Ceria  combines  with  uranium  dioxide.  When  a  dry  mixture  of  cerous  and 
uranyl  sulphates  is  heated  with  molten  magnesium  chloride  in  a  covered 
crucible  for  fifteen  hours,  deep  blue  cubic  crystals  are  produced  which  can  be 
separated  from  the  accompanying  substances  by  reason  of  the  relative  stability 

1  The  higher  the  temperature  of  formation  the  higher  the  density  of  the  crystals.  Thus, 
ceria  crystallised  from  sodium  chloride,  borax,  and  potassium  sulphate  respectively  has  been 
found  to  possess  the  following  densities  (Sterha) :  7 '314,  7 ‘415,  and  7 '99.5. 

2  K.  A.  Hofmann  and  Hoschele,  Ber.,  1914,  47,  238.  For  other  methods  of  crystallising 
ceria,  see  Nordenskiold,  Pogg.  Annalen,  1861,  114,  612 ;  Didier,  Ann.  Sci.  Ecole  norm., 
1887,  p.  65;  Grandeau,  Gompt.  rend.,  1885,  100,  1134;  Sterba,  Compt.  rend.,  1901,  133, 
221,  294  ;  Ann.  CMm.  Phys.,  1904,  [viii;],  2,  193. 

®  Tiedo  and  Birnhrauer,  Zeitsch.  anorg.  Chem.,  1914,  87,  160. 

*  Schiffer,  Inaugural  Dissertation  (Munich,  1900)  ;  Muthmann  and  Weiss,  Annalen, 
1904  33I5  1* * 

s’win’kler,  Per.,  1891,  24,  873  ;  Holm,  Inaugural  Dissertation  {Munidh,  1902). 

®  Marc,  Per.,  1902,  35,  2370  ;  R.  J.  Meyer  and  Koss,  Per.,  1902,  35,  3740. 

’  Bekk,  Per.,  1913,  46,  2574;  Miss  Reimer,  J.  Amer.  Chem.  Soa.,  1915,  37,  1636. 
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towards  dilute  acids.  The  composition  of  the  crystals  approximates  to  that 
required  by  the  compound  U02.2Ce02.  A  similar  deep  blue  compound  may 
be  obtained  by  precipitating  an  aqueous  solution  of  uranyl  and  cerous  nitrates 
with  excess  of  ammonium  hydroxide  or  dilute  potassium  hydroxide  solution ; 
the  precipitate  is  at  first  yellow,  but  soon  changes  to  a  denser  blue  solid.^ 

Ceric  hydroxide,  Ce(OH)^. — The  normal  hydroxide  is  not  known. 
When  ammonia  or  an  alkali  hydroxide  is  added  to  a  solution  of  a  ceric  salt,  a 
yellow,  gelatinous  precipitate  of  ceric  hydroxide  is  obtained,  insoluble  in  excess 
of  precipitant ;  it  is  usually  contaminated  with  basic  salt  and  adsorbed  alkali 
hydroxide.  A  pure  hydroxide  may  be  prepared  from  ceric  ammonium  nitrate  by 
precipitation  with  ammonia  from  a  cold  solution,  the  precipitate  being  washed, 
allowed  to  become  nearly  dry  at  a  low  temperature,  and  again  washed  with  cold 
water  to  remove  ammonium  nitrate.  When  dried  over  potassium  hydroxide, 
its  composition  corresponds  with  the  formula  Ce20(0H)g  or  2Ce02.3H20.^ 

Ceric  hydroxide  may  be  conveniently  prepared  by  the  oxidation  of  cerous 
hydroxide.  For  this  purpose  excess  of  alkali  hypochlorite  or  hypobromite 
may  be  added  to  a  cerous  salt,  or,  what  amounts  to  the  same  thing,  precipita¬ 
tion  may  be  effected  by  alkali  hydroxide  and  the  oxidation  then  accomplished 
by  the  use  of  chlorine  or  bromine.^  Ceric  hydroxide  may  also  be  prepared  by 
heating  hydrated  perceric  hydroxide  to  120°  or  boiling  its  aqueous  suspension 
until  decomposition  of  the  peroxide  has  been  completed. 

Ceric  hydroxide  dissolves  in  nitric  or  sulphuric  acid  with  the  production 
of  a  ceric  salt,^  but  reduction  to  the  cerous  state  usually  occurs  to  a  slight 
extent.  According  to  Brauner,  the  reduction  is  complete  if  the  hydroxide  has 
been  prepared  from  perceric  hydroxide  and  its  solution  in  sidphuric  acid  is 
effected  in  a  platinum  dish,®  but  this  is  denied  by  Barbieri.®  Ceric  hydroxide 
reacts  with  hydrochloric  acid  to  produce  cerous  chloride,  chlorine,  and  water. 

Colloidal  ceric  hydroxide  may  be  prepared  by  dialysing  a  10  per  cent, 
aqueous  solution  of  ceric  ammonium  nitrate  for  four  or  five  days.  The 
hydrosol  thus  obtained  is  very  readily  coagulated ;  when  evaporated,  it  leaves 
a  gummy  residue,  soluble  in  hot  water.  The  hydroxide  is  positively  charged.^ 
Perceric  hydroxide,  Ce03.a:H20  or  Ce(0H)3.0.0H. — When  a  cerous 
salt  is  treated  with  a  mixture  of  ammonia  and  hydrogen  peroxide,  a  reddish- 
brown,  gelatinous  precipitate  of  perceric  hydroxide  is  obtained,  which  has  the 
composition  of  a  hydrated  trioxide,  Ce03.a;H20.®  According  to  Pissarjewsky,® 
the  precipitate  is  produced  as  follows  : — 

Ce(OH)4  +  HO.OH  =  Ce(0H)3.0.0H  -h  H2O. 

^  K.  A.  Hofmann  and  Hoschele,  Ber.,  1915,  48,  20. 

2  Wyrouboffand  Verneuil,  Ann.  Chinn.  Phys.,  1906,  [viii.],  9,  310;  Rammelsberg 
{Pogg.  Avnalen,  1859,  108,  40)  and  Erk  {Zeitsch.  fur  Chem.,  1870,  [ii.],  7,  100)  give  the 
same  formula,  bate/.  Carnelley  and  Walker,  Trans.  Chem.  Soc.,  1888,  53,  59. 

®  Mosander,  Phil.  Mag.,  1843,  [iii.],  23,  241;  Popp,  Annalen,  1864,  131,  359;  Hermann, 
J.  prakt.  Chem.,  1843,  30,  184  ;  1864,  92,  113  ;  Stapff,  ibid.,  1860,  79,  257  ;  Rammelsberg, 
loc.  cit. 

*  Cf.  p.  391. 

®  Brauner,  Zeitsch.  anorg,  Chem.,  1904,  39,  261. 

®  Barbieri,  Atti  B.  Acco^.  Lincei,  1907,  [v.],  16,  i.  525. 

’  W.  Biltz,  Ber.,  1902,  35,  4431;  1904,  37,  1095. 

®  Hermann,  J.  prakt.  Chem.,  1843,  30,  184;  Cleve,  Bull.  Soc.  chim.,  1885,  [if.],  43,  53  ; 
Lecoq  de  Boisbaudran,  Compt.  rend.,  1885,  lOO,  605;  cf.  von  Knorre,  Zeitsch.  angew.  Chem., 
1897,  p.  723  ;  Mengel,  Zeitsch.  anorg.  Chem.,  1899,  19,  71  ;  Wyrouboff  and  Verneuil, 
Ann.  Chim.  Phys,,  1906,  [viii.],  9,  313. 

“  Pissarjewsky,  J.  Buss.  Phys.  Chem.  Soc.,  1900,  32,  609  ;  Zeitsch.  anorg.  Chem.,  1902, 
31,  359. 
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It  is  an  unstable  compound,  losing  oxygen  fairly  quickly  even  at  the  ordinary 
temperature.  It  is  rapidly  converted  into  ceric  hydroxide  when  heated  with 
boiling  water  or  when  dried  at  120°.  It  dissolves  in  dilute  mineral  acids, 
producing  a  cerous  salt,  hydrogen  peroxide,  and  oxygen,  e.g. : — 

2Ce(0H)3.0.  OH  +  SHgSO^  =  Ce2(SO^)3  +  H2O2  +  O2  +  GHjO. 

Ceroceric  hydrosulphate. — When  ceric  oxide  or  hydroxide  is  heated 
with  fairly  concentrated  sulphuric  acid  it  is  not  quantitatively  converted  into 
ceric  sulphate  •,  oxygen  is  evolved  and  part  of  the  ceric  salt  reduced  to  the 
cerous  state.  From  the  acid  solution  a  beautiful  red  hexagonal  crystalline  salt 
may  be  readily  obtained,  and  from  the  mother  liquor  irormal  ceric  sulphate, 
06(804)2. 4H2O,  may  then  be  separated  in  pale  yellow  crystals. 

In  addition  to  the  preceding  method  of  preparation,  the  red  crystals  may 
be  obtained  by  mixing  cerous  sulphate  with  an  excess  of  ceric  sulphate  and 
crystallising  from  fairly  concentrated  sulphuric  acid. 

The  hexagonal  crystals  appear  dark  orange-coloured  when  large  crystals 
are  viewed  in  the  direction  of  the  principal  axis,  and  orange-yellow  when  fine 
needles  are  similarly  examined.  Viewed  parallel  to  the  basal  plane,  the 
crystals  appear  to  have  a  beautiful  red  colour.  They  may  be  heated  to  230° 
without  losing  anything  but  their  water  of  crystallisation. 

The  composition  of  these  hexagonal  crystals  has  been  a  matter  of  dispute 
for  many  years  ;  the  formulae  that  have  been  assigned  to  the  substance  are 
given  in  the  appended  table  ; — 


Formula. 

Authority. 

Date. 

Ce409.9S03.27H20 . 

Hermann  ^ 

1843 

3Ce(S04)2.Ce2(S04)3.27H20  .... 

Eammelsberg  ^ 

1859 

3Ce(S04)2.Ce2(S04),.27H20  .... 

Ozudnowicz  ® 

1860 

2Ce(S04)2.Ce2(S04)3.2H2S04  25H,0  . 

Hermann  * 

1864 

2Ce(S04)2.14Ce2(S64)3.H2SU4.26H20  . 

Zscbiesche  ® 

1869 

3Ce(S04)2.Ce2(S04)3.311H20  .... 

Eammelsberg  ® 

1873 

2Ce(S04)2.Ce2(S04)3.24H20 . 

Mendeldeff  ’ 

1873 

3Ce(S04)2.Ce2(S04)3.31H20 . 

Jolin  ® 

1874 

2Ce(S04)9.Ce2(S04),.24H20 . 

Brauner  ® 

1895 

2Ce(S04)2.Ce2(S04),.liH2S04.26H20  . 

Brauner 

1895 

2Ce(S04)2.  €62(804)3. 2OH2O  .... 

Muthmann  and  Stiitzel 

1900 

2Ce(S04)2. 062(804)3.  H2SO4.26H2O 

Meyer  and  Aufrecht 

1904 

206(804)2.062(804)3.  H28O4.24H2O  . 

Brauner 

1904 

30e(804)2. 2062(804)3.  liH2S04. 42H2O 

Wyrouboff  and  Verneuil 

1906 

^  Hermann,  J.  prakt.  Chem.,  1843,  30,  184. 

^  Eammelsberg,  Pogg.  Annalen,  1869,  108,  40. 

®  Czudnowicz,  J,  prakt.  Chem.,  1860,  80,  16. 

^  Hermann,  J.  prakt.  Clwm.,  1864,  92,  113. 

®  Zschiesche,  J.  prakt.  Chem.,  1869,  107,  65. 

®  Eammelsberg,' .Sen,  1873,  6,  84. 

’  Mendeleeff,  Ber.,  1873,  6,  558  ;  Annalen,  1873,  168,  45. 

®  Jolin,  Bull.  Soe.  chim.,  1874,  [ii.],  21,  533. 

®  Brauner,  Chem.  News,  1895,  71,  283. 

Brauner,  Bull.  Intern.  Arad.  Sei.  de  VEm'pereur  Fra'iv^ois  Joseph  I.,  1895. 
Muthmann  and  Stiitzel,  Ber.,  1900,  33,  1763. 

R.  J.  Meyer  and  Aufrecht,  Ber.,  1904,  37,  140. 

Brauner,  Zeitsch.  anorg.  Chem.,  1904,  39,  261. 

14  'Wyroubofif  and  Verneuil,  Ann.  Chim.  Phys.,  1906,  [viii.],  9,  293. 
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The  substance  contains  both  cerous  and  ceric  sulphates  as  well  as  sulphuric 
acid,  and  the  latter  cannot  be  eliminated  at  130°  in  vacuo.  It  may  therefore 
be  described  as  a  ceroceric  hydrosulphate.  The  cerous  sulphate  may  be  replaced 
by  the  sulphates  of  the  other  rare  earth  elements,  and  Brauner  has  prepared 
the  lanthanum,  praseodymium,  and  neodymium  salts.  They  are  hexagonal, 
and  isomorphous  with  one  another  and  with  the  cerous  salt.  According  to 
Brauner,  they  are  acid  salts  of  a  complex  cerisulphuric  acid,  H4.Ce^(SO^)4. 
I2H2O,  of  the  type  HM«i.Ce^(S0,)4.12H20  (M“  =  Ce,  La,  Pr,  or  Nd).i 

It  will  be  noticed  that  the  formula  assigned  to  ceroceric  hydrosulphate 
by  Meyer  and  Aufrecht  only  differs  from  Brauner’s  formula  (1904)  in  the 
amount  of  water  of  crystallisation  present.  Too  much  significance  should  not, 
however,  be  attached  to  this  agreement,  for  the  analytical  data  upon  which 
the  formulae  are  based  are  of  slender  value,  and  at  the  present  time  the 
composition  and  constitution  of  this  interesting  compound  must  be  regarded 
as  undetermined.^ 

Ceric  sulphate,^  Ce(S04)2. — Ceria  is  quantitatively  converted  into  ceric 
sulphate  when  heated  on  a  sand-bath  with  concentrated  sulphuric  acid.  The 
salt,  which  is  insoluble  in  the  excess  of  acid,  may  be  washed  with  glacial 
acetic  acid  and  dried  over  potash,  when  it  is  obtained  as  a  deep  yellow, 
crystalline  powder.  When  heated  in  the  air,  slight  loss  of  weight  is  observed 


1  It  may  be  remarked  that  the  acid  sulphate  of  thorium  has  the  comjiosition  Th(S04)2. 
H2SO4  or  H2Th(S04)3,  and  not  H4Th(S04)4.  On  the  other  hand,  the  acid  sulphates  of  the 
rare  earth  elements  have  formulse  of  the  type  Mbp(  804)3.3112804  or  H3[M™(804)3],  the 
ceric  salt  of  which  would  be  CeiJ[M™(S04)3]4  or  3Cei’'^(S04)2.2M49(804)3,  in  harmony  with 
the  formula  of  Wyrouboff  and  Verneuil ;  it  is  then  difficult,  however,  to  account  for  the 
extra  sulphuric  acid  present  in  the  molecule. 

If  ceroceric  hydrosulphate  is  a  “complex”  salt,  it  is  not  a  very  stable  complex,  for  the 
addition  of  alkali  leads  to  the  initial  precipitation  of  the  violet  ceroceric  hydroxide. 

^  Thus,  even  the  atomic  ratio  Cei'^  :  Ce™  is  uncertain.  The  analytical  data  given  by 
Wyrouboff  and  Verneuil  agree  very  well  with  the  result  Ce^^  :  Ce™  :  :  3  ;  4,  and  the  data 
given  by  Meyer  and  Aufrecht  and  by  Brauner  agree  at  least  as  well  with  this  ratio  as  with 
the  ratio  1  : 1,  which  they  adopt.  Brauner’s  analyses  of  the  lanthanum,  praseodymium,  and 
neodymium  salts  are  also  unsatisfactory,  as  Wyrouboff  and  Verneuil  have  justly  remarked. 

It  is,  perhaps,  worth  while  to  point  out  that  the  formula  300(804)2.2002(804)3.2112804. 
42H2O  agrees  with  the  analytical  data  given  by  Brauner  and  by  Wyrouboff  and  Verneuil 
at  least  as  well  as  do  their  own  formulae.  This  is  readily  seen  from  the  following  table 
of  results : — 


Per  cent,  of 

Calculated  from  the  Formula  of 

Found  by 

Brauner. 

W.and  V. 

H.F.V.L. 

Brauner. 

W.  and  V. 

37-25 

37-76 

37-27 

36-57 

36-15 

37-57 

Active  oxygon  . 

0-91 

0-79 

0-78 

0-82 

0-84 

0-79 

8O3  . 

36-31 

35-63 

36-29 

36-78 

36-16 

HgO  . 

25-53 

25-83 

25-66 

26-08 

26-13 

25-51 

which  serves  to  illustrate  the  difficulties  attaching  to  the  investigation  of  the  composition 
of  ceroceric  hydrosulphate. 

Filial^,  it  may  be  mentioned  that  Brauner  has  described  a  ceroceric  sulphate 
0e*‘TCei”(SO4)4]3.44H2O,  and  the  corresponding  lanihanoceric  salt.  ’ 

«  Rammelsberg,  Ber.,  1873,  6,  84  ;  Mendeleetf,  Annalen,  1873,  168,  45  ;  Bar.,  1873,  6 
558  ;  Muthmann  and  Stiitzel,  Ber.,  1900,  33,  1763  ;  R.  J.  Meyer  and  Aufrecht,  Ber.,  1904 
37,  140  ;  Brauner,  Zeilsch.  anorg.  Chem.,  1904,  39,  261;  Wyrouboff  and  Verneuil,  ^n?i. 
Chim.  Phys.,  1906,  [viii.],  9,  311 ;  Barbieri,  Atti  li.  Accad.  Lincei,  1907,  [v.],  16,  i.  526. 
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at  155°,  and  when  heated  to  constant  weight  at  195°  the  basic  sulphate 
3Ce02.4S03  is  produced.  On  raising  the  temperature,  further  loss  of  sulphur 
trioxide  occurs  at  250°,  and  at  300°  the  loss  in  weight  is  continuous  until 
cerium  dioxide  is  left.^ 

Ceric  sulphate  is  very  soluble  in  water,  in  which  it  forms  a  yellowish- 
brown,  unstable  solution.  A  concentrated  solution  of  the  salt  in  dilute 
sulphuric  acid  may  be  prepared  either  by  dissolving  the  anhydrous  salt  in 
dilute  sulphuric  acid  or  by  carefully  dissolving  ceric  hydroxide  in  the  same 
medium.  When  concentrated  over  sulphuric  acid,  sulphur-yellow,  ortho¬ 
rhombic  ^  crystals  of  the  tetrahydrate,®  Ce(S04)2.4H20,  are  obtained  (bi- 
pyramidal  j  a  :  b  :  c  =  0-717  : 1  :  0-471). 

Ceric  sulphate  in  solution  readily  hydrolyses,  and,  according  to  Wyrouboff 
and  Verneuil,  when  diluted  largely  or  warmed,  a  crystalline  basic  salt  of  the 
composition  2CeO2.2SO3.5H2O  is  obtained;^  from  a  dilute  ice-cold  solution 
the  compound  4Ce02.3S0g.l2H20  has  been  prepared,  and  from  a  saturated 
solution  at  0°  C.  the  compound  2CeO2.3SO3.4H2O.®  A  physicochemical  study 
of  the  hydrolysis  has  been  made  by  Spencer,  who  could  only  prepare  and 
characterise  one  basic  salt  at  25°  C.,  viz.  CeO2.SO3.2H2O.® 

Ceric  potassium  sulphate^  Ce(S04)2.2K2S04.2H20,  is  obtained  in  orange- 
yellow,  monoclinic  crystals  (a  :  5  :  c=  1-216  :  1  :  2-093  ;  /?=  100°  40'),"  scarcely 
soluble  in  water,  by  adding  a  solution  of  potassium  sulphate  to  an  acid 
solution  of  ceric  sulphate.® 

Ceric  ammonium  sulphate^  Ce(S04)2.2(NH4)2S04.2H20,  separates  in  yellow 
crystals  when  an  acid  solution  of  the  mixed  sulphates  is  evaporated :  it  is 
followed  by  orange-red  crystals  of  the  monoclinic  {a\h\  c  =  0-6638  :  1  :  0-7838  ; 
^  =  96°  44')  9  double  salt  Ce(S04)2.3(NH4)2SO_4.2H20.io 

Ceric  silver  sulphate,  5Ce(S04)2.3Ag2S04,  is  obtained  as  an  orange-yellow, 
crystalline  precipitate  by  adding  silver  nitrate  to  a  strongly  acid  solution  of 
ceric  sulphate.  The  salt  slowly  combines  with  2H2O,  and  is  decomposed  by 
boiling  water.^^ 

Ceric  selenite,  Ce(Se03)2,  may  be  prepared  by  heating  cerous  nitrate 
and  selenious  acid  with  boiling  concentrated  nitric  acid.  It  is  an  orange- 
yellow  powder,  insoluble  in  water  but  slightly  soluble  in  nitric  acid.^^ 

Ceric  chromate,  Ce(Cr04)2.2H20,  is  obtained  by  heating  ceric  hydroxide 
with  aqueous  chromic  acid.  It  is  a  bright  scarlet  crystalline  salt  that  cannot 
be  heated  above  180°  without  decomposing.  It  is  decomposed  by  water,  losing 
chromic  acid  and  turning  orange  in  colour.^® 


1  J.  E.  Spencer,  Trans.  Chem.  Soc.,  1915,  107,  1265. 

2  Slavik,  Zeitsch.  anorg.  Chem.,  1904,  39,  290. 

®  Accordinsr  to  Wyroubolf  and  Verneuil  (Ann.  CMm.  Phys.,  1906,  [viii.],  9,  312),  the 
formula  is  2Ce(S04),.  THaO. 

*  Wyrouboff  and  Verneuil,  Ann.  CMm.  Phys.,  1906,  [viii.],  9,  312. 

®  Hauser  and  Wirtb,  Zeitsch.  anorg,  Chem.,  1908,  60,  242. 

®  J.  F.  Spencer,  Trans.  Chem.  Soc.,  1915,  107,  1265. 

’  Marignac,  Ann.  Min.,  1859,  [v.],  15,  221. 

®  Scheerer,  Pogg.  Annalen,  1842,  56,  482  ;  Hermann,  J.  praM.  Chem  ,  1843,  30,  184  ; 
Rammelsberg,  Pogg.  Annalen,  1859,  108,  40  ;  Marignac,  loc.  dt. 

®  Geipel,  Zeitsch.  Kryst.  Min.,  1902,  35,  608. 

Rammelsberg,  Pogg.  Annalen,  1859,  108,  40  ;  Per.,  1873,  6,  84  ;  Mendeleetf,  Annalen, 
1873,  168,  45  ;  Geipel,  loc.  cit. 

Pozzi-Escot,  Compt.  rend.,  1913,  156,  1074. 

Barbieri  and  Calzolari,  Per.,  1910,  43,  2214. 

Browning  and  Flora,  Amer.  J.  ScL,  1903,  [iv.],  15,  177  ;  cf.  Bricout,  Compt.  rend., 
1894,  118,  145;  Bohm,  Zeitsch.  angew.  Chem.,  1902,  15,  372,  1282. 
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Ceric  molybdate. — A  number  of  salts  of  a  cerimolybdic  acid  have  been 
prepared,  analogous  to  the  complex  molybdates  of  zirconium  and  thorium.^ 
Ammonium  cerimolybdate,  (]SrH4)8[Ce(Mo207)6].8H20,  is  a  yellow  crystalline 
substance,  yielding  yellow  solutions  which  are  stable  towards  hydrogen 
peroxide  and  give  a  precipitate  with  oxalic  acid  only  after  prolonged  boiling. 
The  acid  ammonium  salt  (NH^)gH2[Ce(Mo2O7)g].10H2O,  the  silver  salt, 
Ag8[Ce(Mo207)6],  and  the  acid  aniline  salt  are  also  known. 


Cerium  and  the  Nitrogen  Group. 


Ceric  nitrate,  Ce(N03)4,  has  not  been  isolated.  By  evaporating  a  solu¬ 
tion  of  ceric  hydroxide  in  concentrated  nitric  acid,  in  the  presence  of  a 
considerable  quantity  of  calcium  nitrate,  red  monoclinic  crystals  {a:b\c  = 
1'7834  •  1  :  T0465  ;  /3  =  90°  48')  ^  of  basic  ceric  nitrate,  2Ce(0H)(N03)3.9H20, 
can  be  obtained.  The  aqueous  solution  of  the  salt  readily  undergoes  hydro¬ 
lysis  (p.  332). 3 

Ceric  nitrate  forms  an  isomorphous  series  of  double  nitrates  with  the 
nitrates  of  potassium,  rubidium,  caesium,  and  ammonium.  They  are  of  the  type 
Ce(N03)4.2MN03,  and  form  anhydrous,^  orange-red,  monoclinic  crystals: — ® 


1-2455  :  1  :  1-9170  ;  91°  12' 

1-1690  :  1  :  1-9260  ;  90°  21' 


The  salts  are  readily  soluble  in  water  and  alcohol,  but  much  less  soluble  in 
fairly  concentrated  nitric  acid.  In  aqueous  solution  they  are  hydrolysed 
in  a  similar  manner  to  ceric  nitrate.  It  is  probable  that  the  solutions  con¬ 
tain  not  only  the  ions  Ce"”,  M°,  and  NOg',  but  also  the  complex  ion  Ce(N03)g"  ; 
indeed,  in  alcoholic  solution  it  has  been  shown  by  migration  experiments  that 
a  coloured  cation  is  present.® 

Ceric  ammonium  nitrate,  Ce(N03)4.2(NH4)N03,  is  of  considerable 
practical  importance  for  the  preparation  of  pure  ceria  (see  p.  336).  Indeed, 
from  the  practical  point  of  view,  it  is  the  most  important  of  the  ceric  salts. 
Its  solubility  in  water  is  as  follows  (in  grams  of  salt  per  100  grams  of 
solution)  -. —  ^ 

Temp.  °  C . 25°  35-2°  45-3°  64-5°  85-6° 

Grams  of  Ce(N03)4.2(NH4)N03  58-5  62-8  64-5  66-8  69-4 

At  temperatures  above  60°  partial  reduction  to  cerous  nitrate  takes  place  in 
the  aqueous  solution. 

It  may  readily  be  prepared  by  the  electrolytic  oxidation  of  cerous 
ammonium  nitrate  in  a  divided  cell.® 


Barbieri,  Atti  B.  Accad.  Lined,  1914,  [v.],  23,  i.  805. 

^  von  Lang  and  Haitinger,  Annalen,  1907,  351,  450. 

®  R.  J.  Meyer  and  Jacoby,  Ber.,  1900,  33,  2135  ;  Zeitsch.  anorg.  Chem.,  1901,  27,  359  ; 
these  authors  give  the  water  of  crystallisation  as  SHgO  and  not  4JH2O. 

*  Meyer  and  Jacoby,  loc.  cit.-,  Wolff,  Zeitsch.  anorg.  Chem.,  1905,  45,  89;  cf.  Holzmann, 
J.  prakt.  Chem,,  1858,  75,  321  ;  Muthmann  and  Rblig,  Zeitsch.  anorg.  Chem.,  1898, 
16,  450. 

®  Sachs,  Zeitsch.  Kryst.  Min.,  1901,  34,  162. 

®  Meyer  and  Jacoby,  loc.  cit.  See  also  Barbieri,  Atti  R.  Accad.  Lincei,  1907,  [v.], 
16,  i.  395. 

’  Wolff,  loc.  cit. 

®  Planoher  and  Barbieri,  Atti  R.  Accad.  Lincei,  1904,  [v.],  14,  i.  119. 
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Ceric  nitrate  also  forms  an  isomorphous  series  of  double  salts  with  the 
nitrates  of  the  bivalent  metals  magnesium,  zmc,  nickel,  cohalt,  and  Tnanganese ; 
they  are  of  the  type  Ce(N03)4.M(N0g)2.8H20,  and  must  be  crystallised  from 
concentrated  nitric  acid.^  The  crystals  are  monoclinic  and  isomorphous 
with  the  corresponding  double  thorium  nitrates  ^ 

a  h  c 

Ce(N03)4.Mg(N03)2.8H20  1-032  :  1  :  1-586  ;  96°  43' 

Ce(N03)4.Zn(N0g)2.8H20  0-978  :  1  :  1-339  ;  100°  0' 

Ceric  orthophosphate. — When  sodium  phosphate  is  added  to  a  slightly 
acid  solution  of  a  ceric  salt,  a  yellow  precipitate  is  obtained.  According  to 
Hartley,  the  composition  of  this  precipitate  (dried  in  vacuo  over  sulphuric 
acid)  is  in  accordance  with  the  formula  2Ce^'^H(P04)3.25H20,  but  this  cannot 
be  considered  as  definitely  established.®  Ceric  pyrophosphate,  CeP207.a:H20(?), 
like  the  corresponding  thorium  salt,  is  practically  insoluble  in  dilute  mineral 
acids.  It  is  obtained  as  a  yellow  precipitate  by  warming  a  solution  of  cerous 
pyrophosphate  in  hydrochloric  acid  with  bromine.^ 

Ceric  dihydrog’en  arsenate,  Ce(H2As04)4.4H20,  may  be  prepared  by 
heating  cerous  nitrate  (1  mol.)  and  arsenic  acid  (4  mols.)  with  concentrated 
nitric  acid  for  several  hours,  distilling  off  most  of  the  nitric  acid,  and  allowing 
the  liquid  to  crystallise.  The  salt  separates  in  white  needles.  When  it  is 
dissolved  in  the  minimum  quantity  of  concentrated  nitric  acid  and  the  cold 
solution  diluted  with  water,  a  white,  crystalline  precipitate  of  ceric  mono- 
hydrogen  arsenate,  Ce(HAs0j)2.6H20,  is  obtained.® 

Cbbium  and  the  Carbon  Group. 

Ceric  carbonate. — A  yellow,  gelatinous  precipitate,  presumably  of  a 
basic  ceric  carbonate,  is  obtained  by  double  decomposition  between  a  ceric 
salt  and  an  alkali  carbonate.  The  precipitate  dissolves  rtadily  in  concentrated 
potassium  carbonate  solution,  forming  a  yellow  solution  that  is  stable  in  the 
air  but  which  may  be  oxidised  with  hydrogen  peroxide.®  The  basic  ceric 
carbonates,  20e02.3C02  and  2Ce02.C02,  are  obtained  (combined  with  potassium 
carbonate)?  by  heating  perceric  potassium  carbonate  to  240°  and  360° 
respectively.'^ 

Perceric  carbonate. — Cerous  carbonate  dissolves  to  a  considerable 
extent  in  concentrated  potassium  carbonate  solution.®  When  hydrogen 
peroxide  is  added  to  the  solution,  the  latter  turns  blood-red  in  colour  owing 
to  oxidation,  and  the  colour  darkens  with  the  addition  of  hydrogen  peroxide 
up  to  a  certain  point ;  beyond  this,  the  addition  of  more  peroxide  lightens 
the  colour  and  throws  down  an  orange-yellow  precipitate,  and  by  the  addition 
of  sufficient  reagent  all  the  cerium  is  precipitated. 


1  Bunsen  and  Jegel,  Annalen,  1858,  105,  40,  45;  Holzmann,  loc.  cit.-,  Meyer  and 
Jacoby,  loc.  cit. 

2  Geipel,  Zeitsch.  Kryst.  Min.,  1902,  35,  608. 

®  Hartley,  Trans.  Ghem.  Soe.,  1882,  41,  202. 

*  Carney  and  Campbell,  J.  Amer.  Ghem.  Soc.,  1914,  36,  1134  ;  Rosenheim  and  Triaiita- 
pliyllides,  Ber.,  1915,  48,  582. 

®  Barbieri  and  Calzolari,  Ber.,  1910,  43,  2214. 

®  Job,  Ann.  Ghim.  Phys.,  1900,  [vii.],  20,  205. 

^  Job,  he,  cit. 

®  It  is  much  less  soluble  in  sodium  or  ammonium  carbonate. 
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Aluminium  and  iTs  congenees. 


When  the  colour  reaches  its  maximum  intensity,  all  the  cerium  is  present 
in  solution  as  perceric  carbonate.  The  solution  of  perceric  carbonate  in 
potassium  cai’bonate  may  be  prepared  from  ceric  carbonate  as  well  as  from 
cerous  carbonate,  by  oxidation  with  hydrogen  peroxide.  By  a  suitable  process 
of  crystallisation,  Job  obtained  perceric  potassium  carbonate,  002(003)303. 
4K2OO3.I2H2O,  from  this  solution  in  dark-red,  triclinic  crystals. 

This  curious  double  salt  is  remarkably  stable.  It  may  be  dehydrated 
at  110°,  but  withstands  a  temperature  of  200°  for  several  hours  without 
decomposition  being  perceptible.  At  240°,  however,  it  loses  oxygen,  leaving 
a  residue  of  a  basic  ceric  carbonate.^ 

By  modifying  Job’s  method  of  preparation  in  certain  particulars,  Meloche  ^ 
has  prepared  a  crystalline  perceric  potassium  carbonate  of  the  composition 
0620^(003)2.4X2003.121120.  This  compound  readily  loses  part  of  its  water 
when  exposed  to  dry  air,  and  may  be  almost  completely  dehydrated  at  110°- 
120°  without  loss  of  available  oxygen. 

As  already  mentioned,  the  addition  of  hydrogen  peroxide  to  perceric 
potassium  carbonate  solution  causes  all  the  cerium  to  be  thrown  out  of 
solution  as  an  orange-yellow  precipitate.  This  precipitate  appears  to  be  a 
derivative  of  CeO^,  and  is  very  unstable.  When  covered  with  a  concentrated 
solution  of  potassium  carbonate  it  slowly  evolves  oxygen,  and  beautiful  red 
crystals  of  a  perceric  potassium  carbonate  are  formed.  According  to  Job,  this 
is  the  best  method  for  preparing  the  double  salt ;  according  to  Baur,  however, 
the  crystals  formed  are  rather  different  in  composition  from  those  described 
by  Job,  and  have  the  formula  06204(003)2.4X2003.101120.® 

In  alkaline  solution  the  perceric  potassium  carbonates  have  three  atoms 
of  available  oxygen  per  two  atoms  of  cerium.  In  acid  solution,  however,  only 
one-third  of  this  oxygen  is  available,  the  remainder  being  set  free  in  the 
gaseous  state,  e.g. : — 

06204(003)2.4X2003.12X20  -1-  7H2SO4 

=  062(804)3  -t  O2  -1-  H2O2  -b  4X2SO4  -b  6OO2  -b  I8H2O. 

A  solution  of  ceric  carbonate  in  potassium  carbonate  is  quite  stable 
towards  air  or  oxygen.  On  the  other  hand,  the  corresponding  cerous 
solution  readily  absorbs  oxygen,  passing  into  perceric  and  not  into  ceric 
carbonate.  Simultaneously  with  this  reaction  another  change  occurs,  namely, 
the  interaction  of  the  perceric  carbonate  produced  with  the  unchanged 
cerous  carbonate  to  produce  ceric  carbonate ;  and  by  varying  the  conditions 
of  experiment  the  relative  speeds  of  these  two  reactions  may,  within  certain 
limits,  be  altered  at  will.  This  auto-oxidation  of  cerous  carbonate  may  be 
used  to  affect  the  oxidation  of  various  substances  by  the  air,  a  small  quantity 
of  cerous  salt  acting  as  the  oxygen-carrier.  It  is  only  necessary  for  this 
purpose  that  the  “acceptor”  shall  be  able  to  reduce  both  ceric  and  perceric 
carbonates  to  the  cerous  state ;  glucose  is  one  such  substance.  When,  how¬ 
ever,  the  “  acceptor  ”  can  only  reduce  perceric  carbonate  to  the  ceric  state, 
the  cerous  salt  soon  becomes  quantitatively  transformed  into  ceric  salt,  when 
the  auto-oxidation  ceases.  According  to  Engler,  the  auto-oxidation  of  cerous 
carbonate  takes  place  in  two  stages,  as  follows  : — 

(i.)  062(003)3  +  2X20  +  02  =0e.2(003)3(0X).,  +  X202 
_ (ii.)  0e2(003)3(0X)2  +  2X2O2  =  062(003)303  +  3X2O _ 

*  Job,  Ann.  Chim.  Phys.,  1900,  [vii.],  20,  206. 

^  Meloclie,  J.  Amer.  Cliem,  Soc.,  1915,  37,  2338,  2645. 

®  Baur,  Zeitsch.  anorg.  Chem.,  1902,  30,  256. 
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the  initial  products  of  oxidation  being  basic  ceric  carbonate  and  hydrogen 
peroxide,  which  then  interact  to  produce  the  perceric  compound.^ 

Ceric  acetate. — The  normal  salt  is  not  known.  A  weakly  acid  soltition 
of  a  ceric  salt  is  completely  precipitated  as  yellow  basic  ceric  acetate  when 
heated  to  boiling  with  excess  of  an  alkali  acetate.  An  aqueous  solution  of 
cerous  acetate  is  said  to  be  oxidised  to  ceric  acetate  by  ozone.^ 

Basic  perceric  acetate  is  obtained  as  an  orange-brown  precipitate 
when  hydrogen  peroxide  and  an  alkali  acetate  are  added  to  a  solution  of  a 
cerous  salt.  The  precipitate  thus  obtained  is  apparently  a  derivative  of  a 
peroxide  (Ce(0H)2.02H)  analogous  to  the  peroxides  of  the  other  rare  earth 
elements,  since  the  atomic  ratio  of  cerium  to  active  oxygen  (i.e.  oxygen  in 
excess  of  that  required  for  a  cerous  salt)  is  Ce  :  0.®  The  formation  of  basic 
perceric  acetate  may  be  used  as  a  test  for  cerium  or  as  a  means  of  separating 
cerium  from  the  other  rare  earth  elements.^  The  precipitate  is  converted 
into  basic  ceric  acetate  when  dried  at  120°. 

Ceric  oxalate,  00(0204)2. 7H2O  (1). — Oeric  oxalate  is  obtained  as  an 
orange-yellow  gelatinous  precipitate  when  cold,  aqueous  solutions  of  ceric 
ammonium  nitrate  and  ammonium  oxalate  are  mixed.  The  precipitate  is 
difficult  to  filter  and  wash,  and  when  attempts  are  made  to  dry  it  on  a  porous 
plate,  considerable  decomposition  occurs;  apparently  a  mixture  of  cerous 
oxalate,  Ce2(C2O4)g.l0H2O,  and  ceric  oxalate,  Ce(C204)2.7H20,  is  produced, 
from  which  ceric  oxalate  may  be  extracted  with  aqueous  ammonium  oxalate.® 
Cerous  oxalate  is  a  very  unstable  salt,  readily  losing  carbon  dioxide  and 
becoming  converted  into  cerous  oxalate  : — 

206(0204)2  =  062(0204)3  +  002. 

It  is  readily  soluble  in  ammonium  oxalate  solution,  thereby  resembling 
thorium  oxalate.  The  orange-yellow  solution  deposits  cerous  oxalate  on 
standing,  the  decomposition  being  rapid  when  the  solution  is  warmed.  The 
cerium  may  be  rapidly  and  quantitatively  precipitated  from  the  solution  by 
the  addition  of  sulphurous  acid.® 

Ceric  acetylacetonate,  Ce(CH3.CO.CH.CO.CH3)4,  may  be  prepared  by 
shaking  a  suspension  of  ceric  hydroxide  in  water  with  excess  of  acetylacetone 
for  several  days.  Deep  red  needles  of  the  hydrated  compound  (IIH2O)  are 
thus  formed.  They  are  dried  in  vacuo  and  crystallised  from  carbon  tetra¬ 
chloride,  when  black,  lustrous  crystals  of  the  anhydrous  substance  separate 
out,  m.p.  171-172°.  The  acetylacetonate  is  slightly  soluble  in  water,  which 
hydrolyses  it  slightly ;  hydrolysis  may  be  repressed  by  the  addition  of  a  little 
acetylacetone.  The  compound  dissolves  in  most  organic  media,  forming 
deep  red  solutions  that  are  readily  reduced.'^ 


^  For  further  information  on  the  auto-oxidation  of  cerous  salts,  see  Job,  Compt.  rend., 
1898,  126,  246;  1899,  128,  178,  1098;  1902,  134,  1052;  1903,  135,  45;  Ann.  CMm.  Phys., 
1900,  [vii.],  20,  205;  Baur,  Zeitsch.  anorg.  Chem.,  1902,  30,  251;  Ber.,^  1903,  36,  3038, 
1904,  37,  795;  Engler  and  Wohler,  Zeitsch.  anorg.  Chem.,  1902,  29,  1 ;  Engler,  Ber.,  1903, 
36,  2642;  1904,37,  49,  3268;  Engler  and  Weissberg,  Kritische  Studien  iiber  clie  Vorgdnge 
der  AiUo-oxydation  {W-cvrcg,  Brunswick,  1904). 

2  Job,  Compt.  rend.,  1903,  136,  45. 

3  Wyrouboff  and  Verneuil,  Ann.  CMm.  Phys.,  1906,  [viii.],  9,  314  ;  cf.  Meloohe,  loc.  cit. 

^  Popp,  Annalen,  1864,  131,  359  ;  R.  J.  Meyer  and  Koss,  Ber.,  1902,  35,  672. 

3  Brady  and  Little  ;  unpublished  exi)erimcnts. 

6  See  Orloff,  Chem.  Zeit.,  1906,  30,  733  ;  1907,  31,  562. 

^  Job  and  Goissedet,  Compt.  rend.,  1913,  157,  60. 
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Cerium  and  Boron. 

Ceric  borate,  Ce02.B20g,  may  be  prepared,  according  to  Holm,  by 
heating  ceria  with  an  excess  of  boric  anhydride  in  a  petroleum  injector- 
furnace  and  extracting  the  mass  with  water ;  it  is  described  as  a  yellow 
powder,  insoluble  in  water  and  dilute  mineral  acidsd  Guertler,^  however, 
states  that  this  method  of  preparation  only  yields  cerous  metaborate,  Ce(B02)3. 


LANTHANUM. 

Symbol,  La.  Atomic  weight,  139'0(O  =  16). 

Lanthanum  is  one  of  the  most  abundant  of  the  rare  earth  elements.  Its 
occurrence,  history,  preparation,  atomic  weight,  and  homogeneity  have  been 
already  discussed  in  Chapters  X.  and  XI. 

Lanthanum  ®  is  a  tin-white  metal  of  density  6‘155.  It  is  malleable, 
but  not  ductile.  Its  specific  and  atomic  heats  (0°-100°)  are  0'0449  and  6-23 
respectively ;  ^  its  melting-point  is  810°.  Measurements  made  with  material 
of  doubtful  purity  indicate  that  lanthanum  is  feebly  paramagnetic,^  but  this 
is  questionable.® 

Lanthanum  tarnishes  rapidly,  even  in  dry  air.  It  burns  in  air  at  440°- 
460°.  The  chemical  properties  of  the  metal,  so  far  as  they  are  known,  are 
very  similar  to  those  of  cerium. 

Alloys. — Little  is  known  of  the  alloys  of  lanthanum.  Lanthanum  alloys 
with  aluminium,  and  if  excess  of  the  latter  is  taken,  and  subsequently  removed 
with  sodium  hydroxide,  the  compound  LaAl^is  obtained.  Its  density  is  3’923 
and  its  heat  of  formation  9  7 ‘8  Cals. ;  it  resembles  the  corresponding  cerium 
compound.'^ 


COMPOUNDS  OF  LANTHANUM. 

The  salts  of  lanthanum  are  derived  from  the  colourless  basic  oxide  LagOg, 
and,  if  derived  from  colourless  acids,  are  themselves  colourless.  Their  aqueous 
solutions  are  devoid  of  absorption  spectra. 

The  following  values  for  the  equivalent  conductivities  X  of  a  number  of 
lanthanum  salts  at  25°  are  in  harmony  with  the  view  that  the  salts  are 
derived  from  a  fairly  strong  triacid  base  (v  =  dilution  in  litres  per  gram- 
equivalent)  : —  ® 


^  Holm,  Inaugural  Dissertation  (Munich,  1902). 

^  Guertier,  Zeilseh.  anorg.  Ghem.,  1904,  40,  225. 

®  See  pp.  229-230.  Hillebrand  and  Norton,  Pogg.  Annalen,  1875,  155,  633  ;  156,  466  ; 
Muthmannand  Kraft,  Annalen,  1902,  325,  261  ;  Muthmaim  and  Weiss,  ibid.,  1904,  331,  1  ; 
Muthmann  and  Scheidmandel,  ibid.,  1907,  355,  116. 

^  Hillebrand,  Pogg.  Annalen,  1876,  158,  71. 

®  Owen,  Ann.  Physik,  1912,  [iv.],  37,  667;  Proc.  K.  Akad.  JFetcnsch.  Amsterdam, 
1911,  14,  637. 

®  Pure  lanthana  is  diamagnetic  (p.  267). 

’’  Muthmann  and  Beck,  Annalen,  1904,  331,  46. 

®  Aufrecht,  Inaugural  Dissertation  (Berlin,  1904);  Muthmann,  Per.,  1898,  31,  1829; 
Ley,  Zeitsch.  physikal.  Ghem.,  1899,  30,  193;  Holmberg,  Arkiv  Kem.  Min.  Geol.,  1903, 
1,  1  ;  A.  A.  Noyes  and  J.  Johnston,  J.  Amer.  Ghem.  Soc.,  1909,  31,  987  ;  A.  Heydweiller, 
Zeitsch.  physikal.  Ghem.,  1915,  89,  281. 
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Noyes  and  Johnston  have  measured  the  equivalent  conductivities  of  dilute 
solutions  of  lanthanum  nitrate  and  sulphate  over  a  wide  range  of  temperature, 
and  Johnston^  has  calculated  from  the  results  that  the  ionic  conductivity  of 
the  lanthanum  ion  varies  with  the  temperature  as  follows : — 

Temp.  °  0.  0°  18°  25°  50°  75°  100°  128°  156° 

jLa-"  35  61  72  119  173  235  312  388 


At  25°  the  percentage  dissociation  of  the  nitrate  and  sulphate  is  as  follows 
(Noyes  and  Johnston) : — 
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Numerous  compounds  of  lanthanum  have  been  prepared  and  described  by 
Cleve,^  and  by  Frerichs  and  Smith.^ 

Thermochemistry  of  Lanthanum. — The  following  results  have  been 
obtained : —  ^ 
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Lanthanum  hydride,  LaHg,  has  been  described  (p.  251). 


Lanthanum  and  the  Fluorine  Group. 

Lanthanum  fluoride,  LaFg.  —  See  p.  252.  The  hemihydrate, 
2LaF3.H20,  and  the  acid  fluoride,  2LaF3.3HF,  have  been  described  (Cleve; 
Frerichs  and  Smith). 

Lanthanum  chloride,®  LaClg. — For  methods  of  preparation  and 


^  Johnston,  J.  Amer.  Chem.  Soc.,  1909,  31,  1010. 

^  Cleve,  Bihang  K.  SvensJca  Vet.-Akad.  Handl.,  1872,  2,  No.  7  ;  Bull.  Soc.  chim.,  1874, 
[ii.],  21,  196  ;  1878,  [ii.],  29,  492. 

^  Frerichs  and  Smith,  Annalen,  1878,  191,  331. 

^  Matignon,  Ann.  Chim.  Phys.,  1906,  [viii.],  8,  426;  Compt.  rend.,  1906,  142,  276; 
Muthmann  and  Weiss,  Annalen,  1904,  331,  1  (2La  +  30);  Biltz,  Zeitsch.  anorg.  Chem.,  1911, 

71,  434. 

®  Matignon,  Ann.  Chim.  Phys,,  1906,  [viii.],  8,  426  ;  Bourion,  ibid.,  1910,  [viii.],  21,  49. 
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properties  of  the  anhydrous  salt,  see  p.  252.  It  is  a  white,  crystalline, 
hygroscopic  solid,  readily  soluble  in  water. 

From  an  aqueous  solution  of  the  chloride,  large  triclinic  crystals 
(a:6:c=M593:l  :0-8659  ;  a  =  9r  3',  /3  =  114°  28',  7  =  88°  12')  of  the 
heptahydrate,  LaClg.IHgO,  may  he  obtained.^  The  double  salts  listed 
below  have  been  prepared,  in  addition  to  those  containing  metals  of 
Groups  IV.  and  V. : — 

LaCl3.3CsC1.4H20(?  5H2O)  LaCl3.AuCl3.10H2O  ^ 

2LaCl3.9HgCl2.24H20  2  2LaCl3.3AuCl3.21H20(?)  ^ 

LaCl3.3Hg(CN)2.8H20  »  2LaCl3.3PtCl2.18H20  « 

LaCl3.PtC413H20^ 

2LaCl3.3PtCl4.24H205 

Lanthanum  oxychloride,  LaOCl,  has  been  described.’ 

Lanthanum  bromide,  LaBrg. — The  anhydrous  salt  has  been  prepared 
(p.  265)  and  also  the  heptahydrate,  LaBrg.THgO  (Cleve),  the  auribromide, 
LaBrg. AuBr3.9H20 (Cleve), and lanthanumzinchromide,  2LaBr3.3ZnBr2. 39Il20('?) 
(Frerichs  and  Smith). 

Lanthanum  iodide,  Laig,  is  not  known,  but  lanthanum  zinc  iodide, 
2Lal3.3Znl2.27H20,  has  been  described  (Frerichs  and  Smith). 

Lanthanum  perchlorate,  La(C104)3,  forms  deliquescent  needles,  soluble 
in  alcohol  (Cleve). 

Lanthanum  bromate,  La(Br03)3.9H20. — See  p.  256.  When  dried  at 
100°,  this  salt  loses  water  and  is  converted  into  the  dihydrate,  La(Br03)3.2H20. 
At  160°  the  anhydrous  salt  is  obtained,  and  at  high  temperatures  it  readily 
decomposes. 

Lanthanum  iodate,  2La(I03)3.3H20,  obtained  by  double  decomposition,® 
is  sparingly  soluble  in  water,  one  litre  of  a  saturated  solution  at  25°  containing 
1‘87  grams  of  anhydrous  iodate.® 

Lanthanum  periodate,  LaI05.2H20,  is  obtained  as  a  white,  micro¬ 
crystalline  precipitate  when  aqueous  solutions  of  lanthanum  acetate  and 
periodic  acid  are  mixed  (Cleve). 


Lanthanum  and  the  Oxygen  Group. 

Lanthanum  Sesquioxide,  or  lanthana,  LagOg,  is  obtained  as  a  white 
powder  by  the  ignition  of  the  hydroxide,  carbonate,  nitrate,  oxalate,  etc. 
The  strongly  ignited  oxide  has  a  density  of  6'53  at  17°  (Cleve),  5'94 


1  Marignac,  Mem.  Sci.  phys.  not.,  1855,  14,  201  ;  (Euvres  Completes  (Geneva,  1902), 
vol.  i.  p.  362;  Cleve,  Bidl.  Soc.chim.,  1874,  [ii.],  21,  196;  Zschiesche,  J,  prdkt.  Cliem., 
1869,  I07j  65  ;  R.  J.  Meyer  and  Koss,  Ber.,  1902,  35,  2622. 

2  Marignac,  (Euvres  Completes  (Geneva,  1902),  vol.  i.  p.  640. 

®  Oefvers.  Svenska  Fet.-Akad.  Forhandl.,  1876,  33,  Nos.  8,  9;  Bull.  Soc.  chim., 
1876,  [ii.],  27,  365. 

Cleve,  loc.  cit. 

°  Frerichs  and  Smith,  Annalen,  1878,  191,  331. 

«  Nilson,  Ber.,  1876,  9,  1056,  1142. 

’  See  p.  255,  and  Hermann,  J.  prakt.  Chem.,  1861,  82,  385  ;  Frerichs,  Ber.,  1874  7 
798. 

s  Holzmann,  J.  prakt.  Chem.,  1858,  75,  321  ;  Hermann,  ibid.,  1861,  82,  385. 

®  Rimbach  and  Schubert,  Zeitseh.  physikal.  Chem.,  1909,  67,  183. 
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(Hermann).^  It  is  slightly  diamagnetic  (see  p.  267) ;  the  specific  heat 
between  0°  and  100°  is  0'0749.  The  powder  rapidly  absorbs  water,  with 
the  evolution  of  heat,  and  it  also  combines  readily  with  carbon  dioxide. 
The  oxide  crystallises  in  the  form  of  hexagonal  bipyramids  of  density  5 '30 
when  dissolved  in  borax  at  a  white  heat  and  slowly  cooled  ^ ;  the  crystals 
are  not  affected  by  water. 

Lanthana,  even  after  intense  ignition,  is  readily  soluble  in  acids. 

Lanthanum  hydroxide,  La(OH)3,  is  produced  by  the  direct  union  of 
lanthana  and  water,  and  may  be  obtained  as  a  white,  gelatinous  precipitate 
by  the  addition  of  an  excess  of  ammonia  or  alkali  hydroxide  to  a  solution 
of  a  lanthanum  salt.  The  precipitate  is  sufficiently  soluble  in  water  to 
turn  red  litmus  blue  ;  it  easily  absorbs  carbon  dioxide  from  the  air  and  sets 
free  ammonia  from  ammonium  salts.  Lanthanum  hydroxide  is,  in  fact,  the 
strongest  base  of  all  the  rare  earth  hydroxides,  being  comparable  with  calcium 
hydroxide  in  its  strength,  and  on  this  account  the  claim  of  Baskerville  and 
Catlett  ®  to  have  prepared  metallic  lanthanates,  in  which  lanthana  acts  as  an 
acid,  cannot  be  accepted  until  independent  confirmation  of  their  results  is 
forthcoming. 

Lanthanum  peroxide. — An  oxide  of  lanthanum  higher  than  LagOg 
cannot  be  prepared  in  the  dry  way,  but  indications  of  the  existence  of  such 
an  oxide  have  been  obtained.^ 

When  a  mixture  of  ammonia  and  hydrogen  peroxide  is  added  to  a  solution 
of  a  lanthanum  salt,  a  gelatinous,  hydrated  peroxide,  LagOg.ajHgO,  is  obtained, 
to  which  the  constitution  (OH)2La(O.OH)  has  been  ascribed.®  Dilute  sul¬ 
phuric  acid  and  carbonic  acid  set  free  hydrogen  peroxide  from  the  precipitate, 
and  concentrated  sulphuric  acid  decomposes  it  with  the  liberation  of  ozonised 
oxygen. 

Lanthanum  sulphide,  LagSg,  the  preparation  and  properties  of  which 
are  given  on  p.  259,  is  a  yellow  solid  of  density  4'911  at  11°  (Muthmann  and 
Stiitzel). 

Lanthanum  persulphide,  LagS^,  is  prepared  by  heating  lanthanum 
sulphate  to  580°-600°  in  hydrogen  sulphide,  and  resembles  the  corresponding 
cerium  compound  in  properties,  decomposing  into  the  sesquisulphide  and 
sulphur  at  650°.® 

Lanthanum  sulphite,  La2(S03)3. — A  tetrahydrate  of  this  salt  has  been 
described  by  Cleve,  and  a  trihydrate  by  Grossmann  (see  p.  260). 

Lanthanum  sulphate, La2(S04)3. — See  p.  260  for  general  properties.  Of 
all  the  rare  earth  sulphates,  this  is  the  most  difficult  to  decompose  completely 
by  heat.  Its  specific  heat  (0°-100°)  is  0T182.^ 

One  part  of  the  anhydrous  sulphate  dissolves  in  6  parts  of  ice-cold 
water ;  from  the  solution  at  0°  C.  a  hydrate,  La2(S04)3.16H20,  may  be 
crystallised.® 


1  Hermann,  J.  prakt.  Chon.,  1861,  82,  385. 

®  Nordenskiold,  Fogg.  Annalen,  1861,  II4,  612  ;  J.  prakt.  Chem.,  1861,  85,  431. 

®  Baskerville  and  Catlett,  J.^Amer.  Chem.  Soc.,  1904,  26,  75. 

*  Marc,  Ber.,  1902,  35,  2370  ;  cf.  Hermann,  J.  prakt,  Chem.,  1861,  82,  385  ;  Zschiesche, 
ibid.,  1869,  107,  65. 

5  Cleve,  Bull.  Soc.  chim.,  1885,  [ii.],  43,  63;  Melikoff  and  Pissarjewsky,  Zeitsch. 
anorg.  Chem.,  1899,  21,  70.  See  also  Job,  Compt.  rend.,  1903,  136,  45. 

®  W.  Biltz,  Zeitsch.  anorg.  Chem.,  1911,  "Ji,  427. 

’’  Nilson  and  Pettersson,  Ber.,  1880,  13,  1459  ;  Compt.  rend.,  1880,  91,  232. 

®  Brauner  and  PavliSek,  Trans.  Chem.  Soc.,  1902,  81,  1243. 
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The  hexagonal  1  enneahydrate,  La2(S04)3.9H20,  is  the  only  hydrate  stable 
in  contact  with  the  solution  between  0  and  100  .  It  is  readily  prepared  by 
warming  a  15  per  cent,  ice-cold  solution  of  lanthanum  sulphate  to  30  .  The 
solubility  diminishes  with  the  temperature  as  follows  : — ^ 

Temp.  °G  .  .  0°  14“  18°  30°  50°  75°  100° 

Grams  of  La2(S04)3  .  3'0  2'6  2'1  1‘9  1‘6  I’O  0'7 

The  figures  represent  grams  of  anhydrous  salt  per  100  grams  of  water. 

A  hexahydrate,  La2(S04)3.6H20,  is  said  to  crystallise  from  a  solution  in 
aqueous  sulphuric  acid  (Frerichs  and  Smith). 

The  acid  sulphate,  La(HS04)3,  and  the  basic  sulphate,  La203.S03,  are  known 
(p.  263).  The  following  double  salts  have  been  described  : — 

La2(S04)3.Cs2S04.2H,0  3La2(S04)3.2Cs2S04.6 

La2(S04)3.Rb2S04.2H20  ;6  La2(S04)3.Rb2S04  3La2(S04)3.2Rb.,S04.8 

La2(S04)3.K2S04.2H20 ;  ’  La2(S04)3.3K2S04.3>  4 

La2(S04)3.5K2S04.’ 

La2(S04)3.Na2S04.2H20.4-  ’ 

La2(S04)3.(NH4)2S04.8H20  5  2H2O,  see  Barre.’ 

2La2(S04)3.5(NH4)2S04  La2(S04)35(NH4)2S04.7 

Lanthanum  sulphate  also  combines  with  hydrazine  sulphate.® 

The  diminution  in  solubility  of  lanthanum  sulphate  brought  about  by  the 
addition  of  potassium,  sodium,  or  ammonium  sulphate  will  be  seen  from  the 
following  data,  given  by  Barre,  and  denoting  grams  of  anhydrous  salts  present 
in  solution  per  100  grams  of  water  (solid  phases  not  stated  by  Barre)  : — 


Temperature  16 '5°. 

Temperature  18°. 

Temperature  18°. 

K2SO4. 

La2(S04)3. 

Na2S04. 

1* *812(804)3. 

(NH4).2S04. 

La2(S04)3. 

0-00 

2-21 

0-00 

213 

0-00 

2-13 

0-25 

0-73 

0-40 

1-00 

4-01 

0-39 

0-50 

0-27 

0-69 

0-35 

8-73 

0-28 

0-85 

019 

0-77 

0-30 

18-24 

0-25 

1'03 

0'05 

114 

013 

27-89 

0-48 

1-16 

0-02 

2-48 

0-04 

3611 

0-28 

2-50 

0-00 

3-80 

0-02 

47-49 

014 

... 

... 

5-55 

0-02 

65-29 

0-01 

Lanthanum  dithionate,  La2(S206)3.24H20,  is  readily  soluble  in  water 
and  crystallises  in  six-sided  plates  (Cleve). 


Kraus,  Zeijtsch.  Kryst.  Min.,  1901,  34,  307.  Seep.  261. 

*  Muthmann;g,nd  Rblig,  Ber.,  1898,  31,  1718  7  Barre,  vide  infra. 
®  Hermann,'^,-ijroA:<.  Chem.,  1861,  82,  385. 

*  Cleve,  chim.,  1874,  [ii.],  21,  196. 

®  Marignac,  iMem.  Soc.  phys.  nat.,  1855,  14,  201. 

®  Baskerville  and  Moss,  J.  Amer.  Chem.  Soc.,  1904,  26,  67. 

’  Barre,  Oompt.  rend.,  1910,  151,  871. 

®  Kolb,  Zeitsch.  anorg.  Chem.,  1908,  60,  123. 
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Lanthanum  selenite,  La2(Se03)3.  —  Hydrates  of  this  salt  with  9H2O  and 
I2H2O  have  been  described,  and  also  the  acid  salts,  La2(Se03)3.2H2Se03.4H20 
and  La2(Se03)3.3H2Se03.2H20.i 

Lanthanum  selenate,  La2(Se04)3. — Hydrates  with  6H2O  and  lOHgO 
have  been  described  by  Cleve,  and  also  the  following  double  salts  : — 

La2(Se04)3.  K2Se04. 9H2O  La2(Se04)3.  (NH4)2SeO,.  9H,0 

La2(Se04)3.Na2Se04.4H20 

Lanthanum  chromate,  La2(Cr04)3.8H20,  may  be  obtained  by  double 
decomposition  as  a  sparingly  soluble,  yellow,  crystalline  pi’ecipitate  (Cleve). 

Lanthanum  molybdate,  La2(Mo04)3,  has  been  prepared  (p.  265). 

Lanthanum  tungstate,  La2(W04)3,  the  metatungstate,  double  and 
complex  tungstates  have  been  described  (p.  265). 

Lanthanum  silicotungstate,  La4(Wj2Si043)3. — See  p.  266. 


Lanthanum  and  the  Nitrogen  Group. 

Lanthanum  nitride,  LaN,  has  been  described  (p.  267). 

Lanthanum  azide trinitride). — The  basic  salt  2La(N3)2(OH). 
3H2O  is  known  and  is  very  explosive.^ 

Lanthanum  nitrate,  La(N0g)3.6H20,  forms  deliquescent,  triclinic 
crystals^  which  lose  5H2O  over  sulphuric  acid.^  At  25°  a  saturated  aqueous 
solution  of  the  hexahydrate  contains  151 T  parts  of  anhydrous  salt  per  100  of 
water.^  Lanthanum  nitrate  is  isodimorphous  with  bismuth  nitrate  (see  p.  234). 

Lanthanum  ammonium  nitrate,  La(N03)3.2(NH4)N03.4H20,  has  already 
been  described.® 

Lanthanum  caesium  nitrate,  La(N03)3.2CsN03.2H20,  forms  monoclinic 
crystals  (a  :  6  :  c=  1-3052  :  1  :0'9663;  /3  =  103°  26y 

Lanthanum  rubidium  nitrate,  La(N03)3.2RbN03.4H20,  has  been  described 
(p.  268). 

Lanthanum  potassium  nitrate,  La(N03)3.2KN03.2H20,  forms  orthorhombic 
crystals  (hemimorphic ;  a\h  :  c  =  0-5306  :  1  :  0-5696)®  of  density  2  54  at  0°  C. 

Lanthanum  sodium  nitrate,  La(N03).j.2NaN03.H20,  forms  monoclinic 
crystals  {a  :  b  ;  c  =  1-9970  :  1  :  0-7678  ;  /3  =  90°  32')  of  density  2-63  at  0°  C.® 

Lanthanum  thallium  nitrate,  La(N03)3.2TlN03.4H20,  has  been  described 
(p.  268). 

Acid  lanthanum  rubidium  niWate,  La(N03)3.RbN03.HN03.6H20,  has  been 
prepared  by  Jantsch  and  Wigdorow.  When  heated  to  120°  it  loses  nitric  acid 
and  water,  leaving  the  salt  La(N03)3.RbN03.H20. 


1  Cleve,  loe,  eit.  ;  Nilson,  Nova  Acta  Soc.  Upsala,  1875,  [iii.],  9,  No.  7  ;  Bull.  Soe.  chim., 
1875,  [ii.],  23,  494  ;  Ber.,  1875,  8,  655. 

2  Curtins  and  Darapsky,  J.  prakt.  Chem.,  1900,  [ii.],  6r,  408. 

®  See  p.  268  ;  and  Marignac,  Ann.  Chim,  Phys.,  1873,  [iv.],  30,  56. 

^  Mosander,  Phil.  Mag.,  1843,  [iii.],  23,  241  ;  Cleve,  Bull.  Soc.  chim.,  1874,  [ii.],  21, 
196  ;  Hermann,  J.  prakt.  Chem.,  1861,  82,  385  ;  Zschiesclie,  ibid.,  1869,  107,  65. 

®  James  and  Whittemore,  J.  Amer.  Chem.  Soc.,  1912,  34,  1168. 

®  See  p.  268  ;  Marignac,  loc.  cit.  ;  Uufet,  Bull.  Soc.fraiiQ.  Min.,  1888,  ll,  143,  215  ; 
Kraus,  Zeitsch.  Kryst.  Min.,  1901,  34,  307. 

’  Wyrouboif,  Bull.  Soc.  /rang.  Min.,  1907,  30,  299  ;  Jantsch  and  Wigdorow,  Zeitsch, 
anorg.  Chem.,  1911,  69,  221. 

®  Fock,  Zeitsch.  Kryst.  Min.,  1894,  22,  37  ;  Wyrouboif,  Bidl.  Soc.  frang.  Min.,  1907, 
30,  299  ;  Jantsch  and  Wigdorow,  loc.  cit. 

*  Wyrouboif,  loc.  cit. ;  Jantsch  and  WigdoroAV,  loc.  cit. 
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For  the  double  nitrates  of  lanthanum  and  bivalent  metals,  3M”  (N03)2. 
2La(N03)3.24H20,  see  p  269.^ 

Lanthanum  phosphite,  La2(HP03)3.  has  been  described  by  Frericbs 
and  Smith. 

Lanthanum  orthophosphate,  LaP04,  is  obtained  as  a  white,  amorphous 
precipitate  by  adding  phosphoric  acid  or  sodium  orthophosphate  to  a  solution 
of  a  lanthanum  salt  (Cleve).  It  may  be  obtained  in  the  crystalline  form  by 
heating  lanthana  with  molten  potassium  metaphosphate.^  The  double  salt 
2LaP04.K3P04  may  be  prepared  by  saturating  molten  potassium  pyro-  or 
ortho-phosphate  with  lanthana. 

Lanthanum  hydrogen  pyrophosphate,  LaHPgO^.SHoO. — From  a 
solution  of  a  lanthanum  salt  sodium  pyrophosphate  throws  down  a  white 
precipitate  which  then  redissolves.  On  allowing  the  solution  to  stand,  the 
acid  pyrophosphate  crystallises  out  in  needles  (Cleve). 

The  double  salt  LaNaP207  may  be  obtained  in  crystals  by  fusing  together 
sodium  metaphosphate  and  lanthana.^ 

Lanthanum  metaphosphate,  La(P03)3,  and  the  compound  La203.5P205 
have  been  prepared.^ 

Lanthanum  arsenite,  La2(HAs03)3,  and  lanthanum  arsenate, 

La2(HAs04)3,  have  also  been  described  (Frerichs.and  Smith). 


Lanthanum  and  the  Carbon  Group. 

Lanthanum  carbide,  LaC2,  has  been  described  (p.  270). 

Lanthanum  carbonate,  La2(C03)3.8H20,  loses  THgO  at  100°.  The 
octahydrate  occurs  in  nature  as  the  orthorhombic  mineral  lanthanite  {a:b  :c  = 
0-9528  : 1  :  0-9023).  The  following  double  salts  are  known  ; — ^ 

La2(C03)3.  K2CO3. 1 2H2O  2La2(C03)3. 3Na2C03. 2OH2O 

La2(C03)3.(NH4)2C03.4H20 

Lanthanum  thiocyanate,  La(CNS)3.7H20,  and  the  double  salt, 
La(CNS)3.3Hg(CN)2.12H20,  are  known  (Cleve;  see  p.  272). 

Lanthanum  platinocyanide,  2La(CN)3.3Pt(CN2.18H20,  forms  yellow 
prisms  having  a  blue  reflex  (Cleve;  see  p.  272). 

Lanthanum  acetate,  2La(C2H302)3.3H20,  crystallises  from  its  aqueous 
solution  in  thin  prisms.® 

When  a  cold  aqueous  solution  of  lanthanum  acetate  is  made  ammoniacal, 
a  colloidal  basic  acetate  is  precipitated ;  if  a  little  solid  iodine  be  added  to 
the  precipitate  a  blue  adsorption  compound  is  produced,  similar  in  appear¬ 
ance  to  the  familiar  “starch-iodide”  precipitate.’’  The  blue  substance  may 
conveniently  be  prepared  by  adding  a  solution  of  iodine  in  potassium  iodide 


1  Also  Holzmann,  J.  prakt.  Chem.,  1858,  75,  3-21  ;  Carius,  ibid.,  1858,  75,  352  ;  Grant 
and  James,  J,  Amer.  Chem.  Soc.,  1915,  37,  2652  (Fe). 

^  Ouvrard,  Gompt.  rend.,  1888,  107,  37;  Grandeau,  Ann.  Chim.  Phys.,  1886,  [vi.],  8, 
193. 

®  Wallroth,  Bull.  Soc.  chim.,  1883,  [ii.],  39,  316. 

*  Freriehs  and  Smith,  loc.  cit.  ;  Johnson,  Ber.,  1889,  22,  976. 

®  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1904,  41,  97  ;  seep.  271. 

®  Czudnowicz,  J.  prakt.  Chem.,  1860,  80,  31  ;  Cleve,  Bull.  Soc,  chim,,  1874,  [ii.],  21, 
196  ;  Behrens,  Arch.  Nicrland.,  1901,  [ii.],  6,  67. 

’  Damour,  Gompt,  rend.,  1856,  43,  976. 
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to  a  cold  solution  of  lanthanum  acetate  (or  nitrate  acidified  with  acetic 
acid),  adding  ammonia  cautiously  until  very  little  iodine  is  left  unchanged, 
and  then  warming  the  mixture  very  gently.^ 

Lanthanum  ethylsulphate,  La(C2H5.S0j)3.9H20.  See  p.  278. 
Lanthanum  acetylacetonate,  La(CH3.CO.CH.CO.CH3)3,  has  also  been 
described  (p.  279). 

Lanthanum  oxalate,  La2(C2O4)3.9(10  or  11)H20,2  may  be  obtained  by 
double  decomposition  as  a  white,  crystalline  precipitate.  According  to  the 
temperature  at  which  precipitation  occurs  and  the  temperature  of  the  wash 
water,  the  precipitate  appears  to  contain  9,  10,  or  IIH2O.  Most  experi¬ 
menters  give  lOHgO  as  being  present  in  the  hydrate  in  equilibrium  with 
its  aqueous  solution  at  25°. 

Lanthanum  oxalate  is  appreciably  soluble  in  a  solution  of  lanthanum 
nitrate,  but  no  crystalline  oxalonitrate  can  be  isolated  at  25°.  The  only 
hydrates  of  lanthanum  oxalate  that  are  stable  at  25°  in  contact  with  aqueous 
solutions  of  lanthanum  nitrate  of  the  appropriate  concentrations  are  those 
containing  SHgO,  5H2O,  and  8H2O.®  A  hydrate  containing  7H2O  may  be 
crystallised  from  dilute  sulphuric  acid.^ 

A  solution  of  lanthanum  oxalate  in  hot,  concentrated  hydrochloric  acid 
deposits  crystals  of  lanthanum  oxalochloride,  2La(C204)C1.5H20,  when  cooled. 
The  salt  is  decomposed  by  water.^ 

For  further  details  concerning  lanthanum  oxalate,  see  p.  273. 
Lanthanum  salts  of  organic  acids. — The  following  salts  have  been 
described : — 

Lanthanum  formate,^  succinate,^'  ®  tartrate,^'  citrate^'  sehacate,^'^ 

glycollate^^  malonate^^'  dimethylphosphate,^^  benzoate,'^ phenylacetate,^^  hippur- 
ate,’’  phenoxyacetate,^^  benzenesulphoTiate,^'^  m-nitro-,  m-chloro-,  and  m-hromo- 
henzenesulphonate^"^  p-dichlorohenzenesulphonate,^^  p-dihromobenzenesulphonate,^^^ 
6:3:  1-chloronitrobenzenesulphonate,^'^  1:4:  2-bromonitrohenzenesulphonate,'^^ 
S-hydroxynaphthalene-\-sulphonate,^^  a-naphthalene&udphonate^’^  1:5-,  1  :  6-, 

1  :  1 -nitronaphthalenesnlphonate  and  pyromucate}^ 


1  W.  Biltz,  Ber.,  1904,  37,  719. 

^  OHgO ;  Czudnowicz,  J,  praht,  Chem.,  1860,  80,  31;  Cleve,  Bidl.  Soc.  cMm.,  1874, 
[ii.],  21,  196,  lOHgO ;  Power  and  Shedden,  J.  Soc.  Chem.  Ind.,  1900,  19,  636  ;  Hauser 
and  Wirth,  Zeitseh.  anal.  Chem.,  1908,  47,  389  ;  Wirth,  Zeitsch.  anorg.  Chem.,  1912,  76, 
174.  IIH2O;  Wyrouboff,  Bull.  Soc.  frauQ.  Min.,  1901,24,105;  Branner  and  Pavlioek, 
Trans.  Chem.  Soc.,  1902,  81,  1243. 

®  Whittemore  and  James,  J.  Amer.  Chem.  Soc.,  1912,  34,  1168. 

^  See  Wirth,  Zeitsch.  anorg.  Chem.,  1908,  58,  213. 

®  Job,  Compt.  rend.,  1898,  126,  246. 

®  Oleve,  Bull.  Soc.  ehim.,  1874,  [ii.],  21,  196. 

^  Czirdnowicz,  J.  prakt.  Chem.,  1860,  80,  31. 

®  Behrens,  Arch.  Neerland.,  1901,  [ii.],  6,  67. 

*  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1902,  33,  113. 

Rimbach  and  Schubert,  Zeitsch.  jjhysikal.  Chem.,  1909,  67,  183, 

Erdmann  and  Wirth,  Annalen,  1908,  361,  190. 

Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  53)  83, 

Jantsch  and  Grilnkraut,  ihid.,  1913,  79)  805. 

Armstrong  and  Rodd,  Proe.  Roy.  Soc.,  1912,  A,  87,  204. 

“  Rodd,  ihid.,  1913,  A,  89,  292. 

Pratt  and  James,  J.  Amer.  Chem.  Soc.,  1911,  33,  1330. 

Whittemore  and  James,  ibid.,  1913,  35,  127. 

Katz  and  James,  ibid.,  1913,  35,  872. 

Morgan  and  James,  ibid.,  1914,  36,  10. 

Grant  and  James,  ibid.,  1915,  37)  2652. 
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Lanthanum  and  Boron. 

Lanthanum  metaborate,  La(B02)3,  has  been  described  (p.  282). 


PRASEODYMIUM. 

Symbol,  Pr.  Atomic  weight,  140'92  ^  (0  =  16). 

Praseodymium  is  one  of  the  most  abundant  of  the  rare  earth  elements, 
but  it  is  decidedly  less  plentiful  than  lanthanum  or  neodymium.  The  relative 
proportions  of  praseodymium  and  neodymium  in  different  minerals  do  not 
vary  very  much,  the  ratio  praseodymium  to  neodymium  being  approximately 
1  to  2.2 

The  occurrence,  history,  preparation,  atomic  weight,  and  homogeneity  of 
praseodymium  have  been  already  discussed  in  Chapters  X.  and  XI. 

Praseodymium  2  is  a  yellow  metal  of  density  6‘475.  It  melts  at  940° 
and  is  strongly  paramagnetic,  the  magnetic  susceptibility  at  18°  being  about 
25  X  10“®  c.g.s.  units  per  gram.^  Very  little  else  is  known  of  the  properties 
of  the  metal. 


COMPOUNDS  OF  PRASEODYMIUM. 

The  salts  of  praseodymium  are  derived  from  the  basic  oxide  PrgOg.  They 
are  leek-green  in  colour,  and  their  reflection  spectra  or  the  absorption  spectra 
of  their  solutions  exhibit  characteristic  absorption  bands.  The  conductivities 
of  praseodymium  salts  in  aqueous  solution  are  in  harmony  with  the  view 
that  the  salts  are  derived  from  a  fairly  strong  triacid  base.  The  following 
results,  for  example,  refer  to  the  chloride  at  25°  (ti  =  dilution  in  litres  per 
gram  equivalent) : — ^ 

PrClg  v=  31-3  62-6  125-2  250-4  500-8  lOOUfl 

105-3  112-25  120-1  125-1  130-4  135-7 

Praseodymium  is  of  interest  in  that  it  forms  a  dioxide,  PrOg.  Accord¬ 
ing  to  Brauner,  the  dioxide  is  a  weak  base,  and  gives  rise  to  a  basic 

IV  IV 

sulphate,  2Pr204.S03 -f- 2JH2O,  and  a  basic  acetate,  (CH3.CO)3.PrO.Pr(OH)3  or 
(CH3.C0)2.Pr202(0H)(C0.CH3)  -l-  H2O.®  The  same  authority  also  mentions  an 

III  III 

acetate  of  the  constitution  (CH3.CO)2Pr.O.O.O.Pr(OH)(CH3.CO) -i- H.O.^ 

Numerous  compounds  of  praseodymium  have  been  described  by  von 
Schdele.s 

Thermochemistry  of  Praseodymium. — The  following  results  have 
been  obtained  ; — ** 


1  Baxter  and  0.  J.  Stewart,  J.  Amer.  Chem.  Soc.,  1915,  37,  516. 

^  Muthmann  and  Stiitzel,  Ber.,  1899,  32,  2653. 

®  Muthmann  and  Weiss,  Annalen,  1904,  331,  1.  See  also  pp.  229-230. 

^  Owen,  Ann.  PhysiJc,  1912,  [iv.],  37,  657. 

®  Aufreuht,  Inaugural  Dissertation  (Berlin,  1904) ;  see  also  Jones  and  Reese,  Amer. 
Chem.  J.,  1898,  20,  606. 

“  Brauner,  Proc.  Chem.  Soc.,  1898,  14,  70. 

’  Brauner,  Proc.  Chem.  Soc.,  1901,  17,  66. 

®  Von  Scheele,  Zeitsch.  anorg.  Chem.,  1898,  17,  310  ;  18,  352. 

»  Muthmann  and  Weiss,  Annalen,  1904,  331,  1  (2Pr  +  30);  Matignon,  Ann.  Chim. 
Phys.,  1906,  [viii.],  8,  386  ;  Compt.  rend.,  1906,  142,  276. 
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2[Prl  4- =Pr_n 


+  412-4  Cals., 
+  106-2  „ 

+  147-8  „ 

+  126-7  „ 


J-  A  '-'Ag.  I  J  T"  —  ±1 

;Pr2(S04)gJ  +  Aq.  =  Pr2(SO  Jgaq . 


+  33-6 
+  28-9 

4. 


Praseodymium  hydride,  PrHg,  has  been  described  (p.  261). 


Praseodymium  and  the  Fluorine  Group. 


Praseodymium  fluoride,  PrFg,  prepared  from  aqueous  praseodymium 
sulphate  and  hydrofluoric  acid,  is  a  yellow  precipitate.  When  dried,  it  forms 
glittering  yellow  crystals  which  appear  green  by  reflection.  ^ 

Praseodymium  chloride,^  PrClg. — The  methods  of  preparation  and 
properties  of  the  anhydrous  salt  are  given  on  p.  262.  It  is  a  green,  hygro¬ 
scopic  solid  which  fuses  to  a  green  liquid.  The  density  is  4-020  at  25°  C. 
(Baxter  and  Stewart). 

From  aqueous  solution  the  heptahydrate,  PrCl3.7H20,  separates  in  large, 
green  crystals  of  density  2-25  at  15°  (Schiele).  The  crystals  melt  at  111°  C. 
(Baxter  and  Stewart).  When  dried  over  sulphuric  acid,  the  heptahydrate 
rapidly  passes  into  the  hexahydrate,  PrClg.  GHgO,  which  is  slowly  dehydrated 
to  the  trihydrate,  PrClg. 3H2O.  The  monohydrate  is  also  known  (p.  254). 
At  13-8°,  100  parts  of  water  dissolve  103-9  parts  of  anhydrous  chloride  or 
3  34 -2  of  the  heptahydrate,  the  solution  being  in  equilibrium  with  the  hepta¬ 
hydrate  (Matignon).  The  concentrated  aqueous  solution  dissolves  consider¬ 
able  quantities  of  rare  earth  oxalates. 

Praseodymium  aurichloride,  PrCl3.AuCl3.10H2O,  forms  yellow  crystals  of 
specific  gravity  2 ’60  and  is  readily  soluble  in  water.  The  chloroplatinate, 
PrClg.PtCl4.12H20,  is  also  a  yellow  crystalline  salt,  of  density  2-41  at  16°. 

Praseodymium  oxychloride,  PrOCl,  has  been  prepared  (p.  255). 

Praseodymium  bromide,  PrBr3. — The  anhydrous  salt  has  been  pre¬ 
pared,  and  closely  resembles  the  chloride  (p.  256).  The  hexahydrate, 
PrBr3.6H20,  crystallises  from  aqueous  solution  (von  Schiele). 

Praseodymium  iodide,  Prig,  has  been  prepared  by  Matignon  (see  p.  255). 

Praseodymium  bromate,  Pr(Br03)g.9H20,  forms  green  hexagonal 
prisms  (p.  256).  It  is  converted  into  the  dihydrate,  Pr(Br03)3.2H20,  at  100° 
and  the  anhydrous  salt  at  130°,  while  it  decomposes  at  160°. 


Praseodymium  and  the  Oxygen  Group. 


Praseodymium  sesquioxide,  or  praseodymia,  Pr203,  is  obtained  by 
reducing  the  dioxide  at  a  red  heat  in  a  stream  of  hydrogen.  It  is  a  yellowish- 
green  powder  of  density  6-88  ^  (or  7-07^)  at  15°.  When  heated  in  the  air  it 
absorbs  oxygen  and  becomes  brown  in  colour. 


Popovici,  Ber.,  1908,  41,  634. 

^  Matignon,  Compt.  rend.,  1902,  134,  427;  Ann.  CMm.  Phys.,  1906,  [viii.],  8,  364; 
Bourion,  ibid.,  1910,  [viii.],  21,  49  ;  ef.  K.  J.  Meyer  and  Koss,  Ber.,  1902,  35,  2622  ; 
Baxter  and  Stewart,  J.  Amer.  Chem.  Soc.,  1915,  37,  516. 

®  Von  Scheele,  Zeitsch.  anorg.  Chem.,  1898,  17,  310. 

^  Brauner,  Proc,  Chem,  Soc.,  1901,  17,  66. 
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Praseodymium  hydroxide,  Pr(0H)3,  may  be  obtained  by  double 
decomposition  as  a  bright  green,  gelatinous  precipitate.  In  the  presence  of 
hydrogen  peroxide,  ammonia  produces  with  praseodymium  salts  a  precipitate 
of  hydrated  praseodymium  peroxide,  Pr205.a;H20  or  (OH)2Pr.O.OH.  The  per¬ 
oxide  closely  resembles  the  lanthanum  compound  in  its  properties.^ 

Praseodymium  dioxide,  Pr02,  may  be  prepared  by  heating  the  nitrate 
to  440°  or  by  fusing  the  nitrate  with  nitre  at  400°  until  decomposition 
is  complete.^  It  is  a  black  solid  of  density  5'978  at  20°.  According  to 
Brauner,  the  pure  oxide  is  not  of  the  hydrogen  peroxide  type,  but  contains 
quadrivalent  praseodymium.  It  sets  free  chlorine  from  hydrochloric 
acid,  iodine  from  hydriodic  acid,  and  ozonised  oxygen  with  oxyacids :  ®  it 
oxidises  cerous  salts  from  ceric,  manganous  salts  to  permanganic  acid,  and 
gives  a  violet  coloration  with  a  solution  of  strychnine  in  sulphuric  acid. 
It  is  reduced  by  hydrogen  peroxide  in  acid  solution.  It  oxidises  ferrous 
and  stannous  salts,  but  a  part  of  the  available  oxygen  is  always  lost 
(von  Sch4ele). 

When  praseodymium  hydroxide,  carbonate,  nitrate,  oxalate,  etc.,  are 
heated,  dark  brown  oxide  residues  are  obtained  which  are  intermediate  in 
composition  between  Pr203  and  Pr02,  and  which  contain  less  oxygen  in 
proportion  as  the  temperature  at  which  they  are  produced  increases.* * 
Intermediate  oxides  of  the  formulae  Pr407,®  Pr^Og,®  and  PrgOj^'^  have  been 
described,  biit  their  individuality  is  doubtful.  Brauner  considers  the  oxide 
Pr^Og  to  be  a  complex  oxide  formed  by  the  combination  of  PrgOg  with  Pr02 
(Pi'509  =  Pr203-3Pr02). 

The  formation  of  praseodymium  dioxide  in  a  mixture  of  cerium  earths 
is  favourably  influenced  by  the  presence  of  ceria,  which  probably  acts  as  an 
oxygen-carrier,  but  is  adversely  affected  by  the  presence  of  lanthana  or 
neodymia.® 

Praseodymium  sulphide,  PrgSg,  cannot  be  prepared  by  the  usual 
methods  (see  p.  259)  if  entirely  free  from  cerium ;  the  sulphate,  when 
heated  in  hydrogen  sulphide,  giving  only  praseodymium  oxysidphide,  PrgOgS. 
If,  however,  the  praseodymium  sulphate  contains  a  little  cerous  sulphate,  the 
trisulphide,  PrgSg,  and  persulphide,  PrgS^,  may  be  obtained  as  in  the  cases  of 
cerium  and  lanthanum.  The  trisulphide  is  chocolate-brown  in  colour  and  has 
a  density  of  5'042  at  11°  (Muthmann  and  Stiitzel).  The  persulphide  begins 
to  lose  sulphur  at  about  650°.® 

Praseodymium  sulphate,  Pr2(S04)3. — For  preparation  and  general 
properties,  see  p.  260.  At  0°,  23'6  parts,  and  at  20°,  17-7  parts  of  the 
anhydrous  sulphate  can  be  dissolved  in  100  of  water. 

The  monoclinic  octahydrate,  Pr2(S04)3.8H20,  is  the  only  hydrate  stable  in 


1  Melikoff  and  Klimenko,  J.  Russ.  Rhys,  Chein.  Soc,,  1901,  33,  663. 

^  Brauner,  Proe.  Chem.  Soc.,  1898,  14,  70  ;  1901,  17,  66. 

®  See,  however,  Melikoff  and  Klimenko,  J.  Russ.  Phys.  Chem.  Soc.,  1901,  33,  739. 

*  Von  Scheele,  loc.  cit. 

^  Auer  von  Welsbach,  Monatsh.,  1886,  6,  477. 

®  Brauner,  Proc.  Chem.  Soc.,  1898,  14,  70  ;  1901,  17,  66. 

’  Schottlander,  Per.,  1892,  25,  569  ;  R.  J.  Meyer,  Zeitsch.  anorg.  Chem.,  1904, 
41,  97. 

®  Brauner,  Monatsh.,  1882,  3,  1 ;  Marc,  Ber.,  1902,  35,  2370  ;  R.  J.  Meyer  and  Koss, 
Ber.,  1902,  35,  3740. 

®  W.  Biltz,  Zeitsch.  anorg.  Chem.,  1911,  71,  427. 

Kraus,  Zeitsch.  Kryst.  Min.,  1901,  34,  307  ;  Dufet,  Chem.  Zentr.,  1902,  i.  452. 
See  p.  261. 
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contact  with  the  solution  from  0°-75°  its  solubility,  in  grams  of  anhydrous 
salt  per  100  grams  of  water,  is  as  follows ; — 

Temp.  °C.  .  .  .  0°  18°  35°  56°  75° 

Grams  of  Pr2(S04)3  .  19'80  14'05  10-40  7-02  4-20 

The  monoclinic  2  pentahydrate,  Pr2(S04)3.5H20,  separates  from  the 
aqueous  solution  at  90°-100°.  Its  solubility,  in  grams  of  anhydrous  sulphate 
per  100  grams  of  water,  is  as  follows  (Muthmann  and  liolig) : — 

Temp.  °C . 85°  90°  95° 

.  Grams  of  Pr2(S04)3  .  .1-60  1-36  POO 

The  transition-point  (from  octa-  to  peuta-hydrate)  is  about  75°.  Two  labile 
hydrates,  Pi’2(S04)3.15|H20  and  Pr2(S04)3.12H20,  have  been  isolated  at  low 
temperatures  by  von  Schciele  and  by  Muthmann  and  Piolig  respectively ; 
Brauner  mentions  a  hexahydrate.® 

For  acid  and  hade  sulphates,  Pr(HSO^)g  and  PrgOg.SOg  respectively, 
see  p.  263. 

The  following  double  sulphates  have  been  described  : — 

Pr2(S04)3.Cs2S04.2H20  ^  and  Pr2(S04)3.Cs2S04.4H20  ^ 
Pr2(S04)3.K2S04.4H20,®  Pr2(S04)3.3K2S04.H20,^  density  3‘29 
Pr2(S04)g.(NH4)2S04.8H20,^  density  2-53 

Praseodymium  dithionate,  Pr2(S20g)g.l2H20,  is  extremely  soluble  in 
water  (von  Schiele). 

Praseodymium  selenite. — The  basic  salt  precipitated  by  sodium 
selenite  from  praseodymium  sulphate  solution  is  converted  into  the  acid 
selenite,  Pr2(Se03)3.H2Se03.3H20,  by  heating  with  aqueous  selenious  acid 
(von  Scheele). 

Praseodymium  selenate,  Pr2(Se04)3. — The  octahydrate,  Pr2(Se04)3. 
8H2O,  crystallises  from  cold  aqueous  solutions,  and  the  pentahydrate, 
Pr2(Se04)3.6H20,  from  hot  solutions.  The  double  salt  praseodymium  potassium 
selenate,  Pr2(Se04)g.3K2Se04.4H20,  is  somewhat  more  soluble  than  the  double 
sulphate  (von  Schiele). 

Praseodymium  molybdate,  Pr2(Mo04)3. — See  p.  265. 

Praseodymium  tungstate,  Pr2(W04)3,  and  complex  tungstates  have 
been  already  mentioned  (p.  265). 

Praseodymium  silicotungstate,  Pr4(W42Si04(,)3. — See  p.  266. 

Praseodymium  and  the  Nitrogen  Group. 

Praseodymium  nitride,  PrN,  has  been  described  (p.  267). 

Praseodymium  nitrate,  Pr(N03)3.6H20,  crystallises  in  large,  green 
needles.  The  following  double  salts  are  known  :  Pr(N03)3.2(NH4)N03.4H20  ; 
Pr(N03)3.2RbN03.4H20;  Pr(N0g)3.2NaN03.H20  (von  Scheele) :  andthedouble 
salts  with  the  nitrates  of  bivalent  metals,  3M”(N03)2.2Pr(N0g)3.24H20  (see 

p.  268). 


1  Muthmann  and  Rolig,  Ber.,  1898,  31,  1718. 

^  Kraus,  loc.  cit.  See  p.  261. 

®  Brauner,  Proc.  Chem.  Soc.,  1898,  14,  70. 

*  Von  Sch4ele,  loc.  cit. 

*  Baskerville  and  Holland,  J,  Amer,  Chem.  Soc.,  1904,  26,  71. 
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Praseodymium  and  the  Carbon  Group. 

Praseodymium  carbide,  PrC.j,  has  been  described  (p.  270). 

Praseodymium  carbonate,  Pr2(C03)3.8H20,  has  been  prepared  by 
von  Scbdele.  The  following  double  salts  are  known  : — ^ 

Pr2(C03)3.K2C03.12H20  2Pr2(C03)3.3Na2C03.22H20 

Pr2(C03)3.(NH,)2C03.4H20 

Praseodymium  ethylsulphate,  Pr(C2H5. 804)3.91120,  has  been  de¬ 
scribed  (p.  278). 

Praseodymium  acetylacetonate,  Pr(CH3.CO.CH.CO.CH3)3,  has  also 
been  described  (p.  279). 

Praseodymium  oxalate,  Pr2(C2O4)3.10H2O,  may  be  obtained  by  double 
decomposition  as  a  green,  crystalline  precipitate.  For  its  solubility  in  water 
and  acids,  see  p.  273. 

Praseodymium  salts  of  organic  acids.  The  following  salts  have 
been  described : — 

Praseodymium  acetate,  ‘^propionate,  ^  malonate,  citrate,  ®  succinate^'  ^  sebacate, 
gly collate,  cacodylate,  ^  dimethylphosphate,  ®  phenoxyacetate,  ®  benzenesulphonate, 
m-nitrobenzenemlphonate^^  m-chlorohenzenesulphonate,^^  6:3:  \-chloronitro- 
benzenesulphonate,^^  1:4: 2-hromonitrohenzenesulphonate,^  p-dichlorobenzene- 
sidphonate,^'^  p-dibromohenzenesulphonate,^^  a-naphtholenesulphonate,^^  1  : 5-, 
1  :  6-,  and  1  :  ^ -nitronaphthalenesulphonate,^^  ^-hydroxynaphthalene-l-sul- 
phonate}^ 

Basic  praseodymium  acetate  gives  rise  to  a  violet-blue  absorption  compound 
with  iodine  in  a  similar  manner  to  the  lanthanum  compound  (p.  410).^^ 

NEODYMIUM. 

Symbol,  Nd.  Atomic  weight,  144’3  (0  =  16). 

Neodymium  is  one  of  the  most  abundant  of  the  rare  earth  elements, 
being  about  twice  as  plentiful  as  praseodymium  (p.  412).  Its  occurrence, 
history,  preparation,  atomic  weight,  and  homogeneity  have  been  already 
discussed  in  Chapters  X.  and  XI. 

Neodymium^®  is  a  pale  yellow  metal  of  density  6'956.  It  melts  at 
840°.  Neodymium  is  decidedly  paramagnetic,  the  magnetic  susceptibility  at 
18°  being  about  36  x  10"®  c.g.s.  units  per  gram.^'^ 

1  R.  J.  Meyer,  Zeitseh.  anorg.  Clieni.,  1904,  41,  97  ;  see  p.  271. 

^  Von  Scheele,  Zeitseh.  anorg.  Chem.,  1898,  17,  310;  18,  352. 

®  Behrens,  Arch.  Nierland.,  1901,  [ii.],  6,  67. 

*  R.  J.  Meyer,  Zeitseh.  anorg.  Chem.,  1902,  33,  113. 

®  Baskerville  and  Turrentine,  J.  Amer.  Chem.  Soc.,  1904,  26,  46. 

“  Pratt  and  James,  ibid.,  1911,  33,  1330. 

^  Whittemore  and  James,  ibid.,  1913,  35,  127. 

®  Katz  and  James,  ibid.,  1913,  35,  872. 

®  Morgan  and  James,  ibid.,  1914,  36,  10. 

Erdmann  and  Wirth,  Annalen,  1908,  361,  190. 

Holmberg,  Zeitseh.  anorg.  Chem.,  1907,  53,  83. 

Jantsch  and  Griinkraut,  ibid.,  1913,  79,  305. 

Armstrong  and  Rodd,  Proe.  Boy.  Soc.,  1912,  A,  87,  204. 

Rodd,  ibid.,  1913,  A,  89,  292. 

Orloff,  Chem.  Zeit.,  1907,  31,  45. 

Muthmann,  Hofer,  and  Weiss,  Annalen,  1902,  320,  231;  Muthmann  and  Weiss,  tftfd., 
1904,  331,  1;  Muthmann  and  Scheidmandel,  ibid.,  1907,  355,  116.  See  pp,  229-230. 

Owen,  Ann.  PhysiJc,  1912,  [iv.],  37,  667. 
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COMPOUNDS  OF  NEODYMIUM. 

The  salts  of  neodymium  are  rose-red  or  reddish-violet  in  colour,  and  the 
absorption  spectra  of  their  aqueous  solutions  show  characteristic  absorption 
bands.  The  following  equivalent  conductivity  determinations  (A,),  effected  at 
26  ,  show  that  the  salts  are  derived  from  a  fairly  strong  triacid  base  (w  = 
dilution  in  litres  per  gram  equivalent)  : — ^ 


NdClg 

29-28 

68-56 

117-12 

234-24 

468-48 

936-96 

x= 

103-0 

110-9 

118-85 

124-1 

128-7 

133-4 

Nd2(S04)3 

V  — 

33-47 

66-94 

133-88 

267-76 

535-52 

1071-04 

A  = 

40-61 

48-15 

47-12(?) 

62-23 

80-21 

95-95 

Nd(C2H302)g 

v  = 

33-81 

67-62 

135-24 

270-48 

540-96 

1081-92 

A  = 

42-43 

50-28 

58-55 

67-66 

76-81 

86-89 

Thermochemistry  of  Neodymium. — The  following  results  have  been 
recorded : — ^ 


2[Nd]  +  3(0) 
2'' 


Nd 

'Nd' 

’Nd' 

'Nd' 

'Nd' 


-f-3[S] 
+  3(C1) 


+  3 
-t-3 
+  3 


+  6(0,) 

+  6(0,)  +  8[H,0]: 


‘NdCy  +  Aq. 
;NdCl3;6H20]  +  Aq. 
Ndy  +  Aq. 

'Nd2(S04)3]  +  Aq. 
'Nd2(S0j3.5H20]  +  Aq. 
■Nd2(S04)3.8H20'  +Aq. 
‘■NdcXl  +  alco^l 
■Nd203]  +  6HClaq. 
NdgOg'  +  6HIaq 
^NdgOg;  +3[H2S04] 
NdgOg  +3H2S04aq. 


NdgOg] 

NdgSg'^ 

NdClg 
Ndlgj' 

[Nd2(S04)g] 

Nd2(S0j38H20] 
NdCl3aq.  . 

:NdCl3aq.  . 

Ndigaq. 

:  Nd2(S04)3aq. 

:  Nd2(S04)3aq. 
:Nd2(S04)3aq. 

=  NdClg  in  ale.  soln. 

=  2NdCl3aq.  +  3H2O 
=  2Ndl3aq.  +  3H2O 
:Nd2(S04)3i  +  3[H20] 

:  Nd2(S04)3aq.  +  SUgO 


+  435-1  Cals. 

+  285-9 

J5 

+  249-5 

)J 

+  157-7 

J5 

+  928-2 

)) 

+  946-8 

>> 

+  35-4 

+  7-6 

)? 

+  48-9 

55 

+  36-5 

55 

+  8-3 

55 

+  6-7 

55 

+  21-5 

55 

+  105-5 

55 

+  106-1 

55 

+  126-1 

55 

+  106-4 

55 

Neodymium  and  Hydrogen. 

Neodymium  hydride,  NdH,,  has  been  already  described  (p.  251). 


Neodymium  and  the  Fluorine  Group. 

Neodymium  fluoride,  NdFg,  from  aqueous  neodymium  sulphate  and 
hydrofluoric  acid,  is  deposited  on  warming  as  a  pale  lilac-coloured  crystalline 
powder,  insoluble  in  water.  ^ 

Neodymium  chloride,^  NdClg. — For  the  preparation  and  properties  of 
the  anhydrous  salt,  see  p.  252.  It  is  a  hygroscopic,  rose-coloured,  crystalline 
mass  of  density  4’134  at  25°  (Baxter  and  Chapin). 


1  Aufrecfit,  Inaugioral  Dissertation  1904). 

®  Matignon,  Compt.  rend.,  1906,  142,  276  ;  Ann.  Ohim.  Phys.,  1906,  [viii.],  8,  243  ; 
1907,  [viii.],  10,  104;  Muthmann  and  Weiss,  Annalen,  1904,  331,  1  (2Nd-l-30). 

®  Popovici,  Ber.,  1908,  41,  634. 

Matignon,  Compt.rend.,  1901,  133,  289;  1905, 140,  1637;  Ann.  Chim.  Phys.,  1906,  [viii.], 
8,  243;  Bourion,  ibid.,  1910,  [viii.],  21,  49;  ef.  R.  J.  Meyer  and  Koss,  Ber.,  1902,  35,  2622. 

VOL.  rv.  27 
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From  aqueous  solution  the  hexahydrate,  NdClg-GHjO,  crystallises  out  in 
rose-coloured,  monoclinic  crystals  of  density  2*282  at  16’5  .  The  hexahydrate 
melts  at  124°.  One  hundred  parts  of  water  dissolve  98'7  parts  at  13°,  140’0 
parts  at  100°  of  the  anhydrous  chloride,  the  solution  being  in  equilibrium 
with  the  hexahydrate.  The  concentrated  aqueous  solution  dissolves  neo¬ 
dymium  oxalate  on  warming,  and  a  neodymivm  oxalochloride  crystallises  out 
when  the  solution  is  cooled. 

The  monohydrate,  NdClg.HgO,  is  also  known  (p.  254). 

The  anhydrous  chloride  forms  the  following  compounds  with  ammonia,  the 
dissociation  temperature  being  given  with  each  formula : — ^ 

NdClg.NHg  360°  0.  NdClg.dNHg  79°  C. 

NdClg.2NH3  255°  NdClg.llNHg  26° 

NdClg.dNHg  157°  NdCl3.12NH3  -10° 

NdCl3.5NH3  117° 

Neodymium  oxychloride,  NdOCl,  has  been  prepared  (p.  255). 

Neodymium  bromide,  NdBrg,  resembles  the  chloride.  See  p.  255. 

Neodymium  iodide,  Ndig,  also  resembles  the  chloride.  See  p.  255. 

Neodymium  bromate,  Nd(Br03)3.9H20,  forms  pink  hexagonal  prisms. 
At  100°  the  dihydrate,  Nd(Br03)3.2H20,  and  at  150°  the  anhydrous  salt  is 
obtained ;  at  higher  temperatures  decomposition  takes  place.  See  p.  256. 

Nbodymitjm  and  the  Oxygen  Group. 

Neodymium  sesquioxide,  or  neodymia,  Nd203,  may  be  prepared  by 
igniting  the  hydroxide,  carbonate,  nitrate,  oxalate,  etc.  The  oxide  obtained 
by  igniting  the  oxalate  strongly  has  a  pure  sky-blue  colour.  It  dissolves 
readily  in  acids. 

As  regards  the  existence  of  higher  oxides  of  neodymium,  the  evidence  is 
conflicting.  Auer  von  Welsbach,  Jones,  and  R.  J.  Meyer  and  Koss  deny  that 
a  higher  oxide  may  be  prepared  in  the  dry  way,  but  Marc  maintains  that 
neodymia  may  be  peroxidised  in  the  presence  of  cerium  and  praseodymium. 
Waegner  also  affirms  the  existence  of  a  higher  oxide,  Nd^O^,  and  even  describes 
its  reflection  spectrum,  but  Joye  and  Gamier  have  shown  that  this  spectrum 
is  due  to  a  hydrated  oxide,  Nd203.H20.  Brauner  states  (without  any  details) 
that  the  oxides  Nd-^O^  and  NdgOg  both  exist.  By  the  latter  Brauner  presum¬ 
ably  means  a  hydrated  peroxide,  Nd205  icHgO  or  {OH)2Nd™.O.OH,  correspond¬ 
ing  to  the  known  lanthanum  and  praseodymium  peroxides.  The  same 
authority  also  mentions  the  existence  of  an  acetate  of  the  constitution 
(CH3.CO)2Nd™  O.O.O.Nd™(OH)(CO.CH3) -I- H2O,  analogous  to  the  praseo¬ 
dymium  compound.^ 

Neodymium  hydroxide,  Nd(OH)3,  is  obtained  as  a  blue  precipitate 
when  an  alkali  hydroxide  is  added  in  excess  to  a  solution  of  a  neodymium 
salt.  When  dried  at  300°  it  leaves  the  hydrate  2Nd203.3H20;  this,  when 
heated  to  525°,  is  converted  into  the  hydrate  NdgOg.HgO ;  and  the  latter 
at  a  bright  red  heat  is  converted  into  neodymia.® 

^  Matignon  and  Trannoy,  Compt.  rend.,  1906,  142,  1042. 

^  Jones,  Amer.  Chevi.  J.,  1898,  20,  345;  Meyer  and  floss,  Ber.,  1902,  35,  3740;  Marc, 
Ber.,  1902,  35,  2370;  Waegner,  Zeitsch.  anorg.  Chevi.,  1904,  42,  118;  Joye  and  Gamier, 
Conipt.  rend.,  1912,  154,  510;  Joye,  Arch.  Sci.  phys,  nat.,  1913,  [iv.],  36,  41;  Brauner, 
Proc.  Chem.  Soc.,  1898,  14,  72;  1901,  17,  66;  Zeitsch.  anorg.  Chevi.,  1902,  32,  1. 

®  Joye  and  Gamier,  Compt.  rend.,  1912,  154,  510 ;  Joye,  Arch.  Sci.  phys.  nat.,  1913, 
[iv.],  36,  41. 
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Neodymium  sulphide,  NdgSg,  the  preparation  and  properties  of  which 
have  been  described  (p.  269),  is  an  olive-green  powder  of  density  6'179  at 
11°  (Muthmann  and  Stiitzel). 

Neodymium  sulphate,  ^2(80^3.^ — For  preparation  and  general 
properties,  see  p,  260.  The  only  hydrate  known  ^  is  the  monoclinic  ^  octa- 
hydrate,  ]Srd2(S04)3.8H20,  the  solubility  of  which,  in  grams  of  anhydrous 
sulphate  per  100  grams  of  water,  is  as  follows  : — ^ 

Temp.  °0 . 0°  16°  30°  50°  80°  100° 

Grams  of  ]Srd2(S04)3  .  .  9-5  7* *1  5-1  3-6  2-7  2-25  • 

For  acid  and  basic  sulphates,  Nd(HS04)3  ^^203.803  respectively,  see 

p.  263.  Neodymium  cwsium  sulphate,  Nd2(S0j3.Cs2804.3H20,  forms  lavender- 
blue  crystals.^ 

Neodymium  molybdate,  Nd2(Mo04)3.— 8ee  p.  266. 

Neodymium  tungstate,  Nd2(W04)3,  and  complex  tungstates  have  been 
mentioned  (p,  265). 

Neodymium  silicotungstate,  Nd^(W;^2®i04o)3,— 8ee  p.  266. 

Neodymium  uranate,  Nd2(U303o)3.18H20,  is  obtained  as  a  yellow, 
crystalline  solid  by  heating  neodymium  hydroxide  with  aqueous  uranyl 
acetate.® 


Neodymium  and  the  Nitrogen  Group. 

Neodymium  nitride,  NdN,  has  been  described  (p.  267). 

Neodymium  nitrate,  Nd(N03)3.6H20. — A  saturated  solution  of  this 
salt  in  water  at  25°  contains  162‘9  grams  of  anhydrous  nitrate  per  100  grams 
of  water.®  Neodymium  nitrate  is  isodimorphous  with  bismuth  nitrate  (see 
p.  234).  The  double  salts  Nd(N03)3.2(NH4)N03.4H20,'*’  Nd(N03)3.2IlbN03. 
IHgO,®  and  the  double  salts  of  the  type  2Nd(N03)3.3M(N 03)2.241120  are  known 
(see  p.  268). 


Neodymium  and  the  Carbon  Group. 

Neodymium  carbide,  NdOg,  has  been  described  (p.  270).- 

Neodymium  carbonate,  Nd2(C03)3.a;H20,  has  not  been  analysed.  The 
following  double  salts  are  known  : — ® 

Nd2(C03)3.K2C0g.  1 2H2O  2Nd2(003)3.  SNagCOg.  22H2O 

Nd2(C03)3.(NH,)2C03.4H20 

Neodymium  ethylsulphate,  Nd(C2H5.S04)3.9H20,  has  been  described 
(p.  278). 

Neodymium  acetylacetonate,  Nd(OH3.CO.CH.CO.CH3)3,  has  also 
been  described  (p.  279). 

Neodymium  oxalate,  Nd2(C2O4)3.10H2O,  is  obtained  by  double  decom¬ 
position  as  a  pale  rose-red  crystalline  powder.  For  its  solubility  in  water  and 

^  Matignon  {Ann.  Ohim,  P%s.,1907,  [viii.],  10,  110)  mentions  the  existence  of  a  penta- 
hydrate,  Nd2(S04)3.6H20,  but  does  not  describe  its  preparation. 

Kraus,  Zeitsch.  Kryst.  Min.,  1901,  34,  307  ;  Dufet,  Ghem.  Zentr.,  1902,  i.  462. 

®  Muthmann  and  Rolig,  Ber.,  1898,  31,  1718. 

■*  Baskerville  and  Holland,  J.  Amer.  Ohem.  Soc.,  1904,  26,  71. 

*  Orloff,  Ghem,.  ZeiL,  1907,  31,  1119. 

®  James  and  Robinson,  J.  Amer.  Ghem.  Soc.,  1913,  35,  754. 

^  Auer  von  Welsbach,  Monatsh.,  1886,  6,  477. 

®  Jantsch  and  Wigdorow,  Zeitsch.  anorg.  Ghem.,  1911,  69,  221. 

®  E.  J.  Meyer,  Zeitsch.  anorg.  Ghem,,  1904,  41,  97 ;  see  p.  271. 
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acids,  see  p.  273.  According  to  James  and  Robinson, the  only  stable  hydrate 
in  contact  with  water  or  aqueous  neodymium  nitrate  at  25  has  the  com¬ 
position  Nd2(C204)3.11H20.  The  oxalate  dissolves  perceptibly  in  aqueous 
neodymium  nitrate,  and  under  certain  conditions  neodymium  oxalonitrate 
Nd2(C204)3.4Nd(N03)3.^H20  or  perhaps  Nd2(C204)3.5Nd(N03)3.a;H20,  is  pro¬ 
duced.  The  solubility  curve  for  a  temperature  of  25°  is  shown  in  fig.  40. 
The  oxalate  also  dissolves  in  an  aqueous  solution  of  the  chloride,  and  a 
neodymium  oxalochloride  exists. 


Fig.  40.— The  system  Nd.2(C204)3— Nd(N03)3 — HjO  at  25°.  Solubility  diagram. 

Neodymium  salts  of  organic  acids. — The  following  salts  have  been 
described : — 

Neodymium  acetate,  malonate^  sebacate,'^  glycollate^  cacodylate,'^  dimethyl- 
phosphate,^  methyl-,  ethyl-,  propyl-,  and  isohutyl-sulphonates,^  methanetri- 
sulphonate^  ethanedisulphonate,^  quinate,^  anisate,^  oxanilate,^  phenoxyacetate,‘^ 
m-nitrohenzenesulphonate,^  p-dibromohenzenesulphonate,  p-dichlorobenzenesul- 
phonate^^  1:4:  2-bromonitrobenzenesulphonate,^  1:3:  i-metaxylenesulphonate,'^ 
m-sulphobenzoate^  camphorsulphonate,^  %-hydroxynaphthalene-\-sulphonate? 


SAMARIUM. 

Symbol,  Sm.'^  Atomic  weight,  150'4(O  =  16). 

Samarium  is  one  of  the  less  common  of  the  rare  earth  elements,  being  on 
the  one  hand  much  less  abundant  than  the  other  elements  of  the  cerium 
group,  and  on  the  other  hand  much  more  abundant  than  europium,  terbium, 
and  thulium.  It  is  about  as  plentiful  as  gadolinium. 


^  James  and  Robinson,  J.  Amer.  CJiem.  Soc.,  1913,  35,  754. 

“  Pratt  and  James,  J.  Amer.  Chem.  Soc.,  1911,  33,  1330. 

®  James,  Hoben,  and  Robinson,  ibid.,  1912,  34,  276. 

*  Whittemore  and  James,  ibid.,  1913,  35,  127. 

®  Katz  and  James,  ibid.,  1913,  35,  872. 

®  Morgan  and  J ames,  ibid.,  1914,  36,  10. 

’  Erdmann  and  Wirth,  Annalen,  1908,  361,  190. 

®  Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  53,  83. 

®  Jantsch  and  Griinkraut,  ibid.,  1913,  79,  305. 

Armstrong  and  Rodd,  Proc.  Roy.  Soc.,  1912,  A,  87,  204. 

“  Rodd,  ibid.,  1913,  A,  89,  292. 

Two  symbols  are  in  common  use  for  samarium,  viz.,  Sm  and  Sa.  In  this  book  the 
former  has  been  adopted,  since  it  is  the  symbol  that  was  assigned  to  the  element  by  its 
discoverer,  Lecoq  de  Boisbaudran. 
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The  occurrence,  history,  preparation,  atomic  weight,  and  homogeneity  of 
samarium  have  been  already  discussed  in  Chapters  X.  and  XL 

Another  method  for  the  separation  of  samarium  from  lanthanum,  praseo¬ 
dymium,  and  neodymium  may  conveniently  be  mentioned  here  ;  its  theoretical 
value  has  been  pointed  out  by  Matignon  and  Gazes, ^  but  its  practical  value 
does  not  appear  to  have  been  determined.  The  mixed  oxides  are  converted 
into  the  mixed  anhydrous  chlorides  by  the  method  of  Bourion  or  some  other 
suitable  process  (p.  252),  and  heated  to  redness  in  a  stream  of  dry  hydrogen. 
The  samarium  is  thus  converted  into  the  lower  chloride  SmCl2,  which  may 
be  isolated  from  the  mixture  by  extracting  the  other  chlorides  with  alcohol. 
If,  on  the  other  hand,  the  mixed  chlorides  are  dissolved  in  a  large  quantity  of 
water,  about  one-third  of  the  samarium  separates  as  hydroxide  and  the  washed 
precipitate  may  be  freed  from  small  quantities  of  oxychlorides  by  dissolving 
it  in  cold,  dilute  hydrochloric  acid,  in  which  the  oxychlorides  are  insoluble. 

Samarium^  is  a  yellow  metal  of  density  7‘7—7'8.  It  is  as  hard  as  steel 
and  melts  at  1300°-! 400°.  The  metal  quickly  tarnishes  in  the  air. 


COMPOUNDS  OF  SAMARIUM. 

The  majority  of  the  known  compounds  of  samarium  are  salts  derived  from  the 
basic  oxide  SiUgOg.  They  are  pale  yellow  in  colour  and  the  absorption  spectra 
of  their  solutions  exhibit  characteristic  bands  in  the  blue  and  violet.  Two  com¬ 
pounds  of  the  type  SmXg,  however,  are  known,  viz.,  the  chloride  and  iodide. 

The  equivalent  conductivities  (A)  of  samarium  chloride  and  sulphate 
solutions  at  25°  C.  indicate  that  the  salts  are  derived  from  a  fairly  strong 
triacid  base  (v  =  litres  per  gram-equivalent) : — ® 

SmClg  -y-  32-59  65-18  130-36  260-72  521-44  1042-9 

A  =  107-2  112-5  120-8  126-1  131-3  135-9 

Sm2(S04)3'y=  31-35  62-70  125-40  250-80  501-60  1003-2 

A=  31-17  43-49  51-59  61-39  72-76  89-24 


The  compounds  of  samarium  have  been  described  mainly  by  Cleve,  whose 
samaria  was  contaminated  with  a  little  europia.^ 

Thermochemistry  of  Samarium. — The  following  results  have  been 
obtained : — ® 


and 


-t-  6HClaq.  =  2SmCl3aq.  +  3H2O 
-1-6(HC1)  =2[SmCl3]-i-3[H,0] 

Bm^Og]  -f  3[H2S0J  =  [Sm2(S04)3]  -i-  3[H20] 
-f-  Aq.  =  SmClgaq. 


SmgOgj 
SmaOg 


'SmCl 


3. 


81142(804)3] -f-Aq.  =8m2(S04)3aq. 


+  94-63  Cals. 
+  128-4  „ 

+  113-8  „ 

+  37-4  „ 

+  38-8  ,, 


8mCl3,NH3]  =  +  20-7  Cals., 
■  -=+37-1  „ 

=  +52-2  „ 

=  +65-9  „ 


'8mCl3,2NH3 

'8mCl3,3NH3j 

8mCl3,4NH3 


■8mCl3,5NH3]  =  +  78-0  Cals. 

’8mCl3,8NH3]  =+111-6  „ 

■8mCl3,9-5NH3]  =+126-6  „ 

■SmCl3,ll-5NH3]= +145-0  „ 


^  Matignon  aud  Gazes,  Ann,  CMm.  Phys.,  1906,  [viii.],  10,  424. 

2  Muthmann  and  Weisis,  Annalen,  1904,  331,  1  ;  see  pp.  229-230. 

3  Anfi-echt,  Inaugural  Dissertation  (Berlin,  1904) ;  Heydweiller,  Zeitsch,  pliysilcal. 
Chem.,  1915,  89,  281. 

*  Cleve,  Chem.  News,  1886,  53,  30,  etc,;  see  also  Cleve,  Compt.  rend.,  1883,  97,  94; 
Bull.  Soe.  chim.,  1885,  [ii.],  43,  162;  Chem.  News,  1883,  48,  39,  74  ;  1885,  51,  145; 
Trans.  Chem.  Soc.,  1883,  43,  362  ;  Oefvers.  Svenska  Vet.-Akad.  Forhandl.,  1883,  40,  No.  7. 
5  Matignon,  Compt.  rend.,  1906,  142,  276  ;  Ann.  Chim.  Phys.,  1906,  [viii,],  8,  402. 
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Samarium  and  the  Fluorine  Group, 


Samarium  fluoride,  SmFg.HgO,  is  obtained  by  double  decomposition 
(Cleve). 

Samarium  chloride,^  SmClg,  is  a  very  pale  yellow,  hygroscopic,  crystalline 
solid  which  darkens  when  heated  and  melts  to  a  brown  liquid.  For  its  pre¬ 
paration  and  properties,  see  p.  252. 

From  aqueous  solution  the  hexahydrate,  SmClg.GHgO,  separates  in  large, 
yellow  tablets  of  density  2-383  (Cleve).  The  monohydrate,  SmClg.HgO,  is 
also  known  (p.  254).  Samarium  aurichloride,  SmClg.AuClg.lOHgO,  crystallises 
in  orange  prisms;  the  chloroplatinate  has  the  formula  2(SmClg.PtCl4)21H20. 

Anhydrous  samarium  chloride  absorbs  ammonia.  The  following  com¬ 
pounds  are  known,  their  dissociation  pressures  being  760  mm.  at  the  tempera¬ 
tures  given  opposite  the  formulae : — ^ 


SmClg-NKg  375‘  C. 
SmClg.2NH3  240“ 
SmClg.3NHg  200’ 
SmCL.4NHo  155“ 


SmClg.5NHg  105“  C, 
SmClg-SNEg  76“ 
SmOl3.9-5NH3  40“ 
SmCL.ir5NHo  15“ 


Curiously  enough,  a  compound  with  GNHg  does  not  appear  to  exist. 

Samarium  oxychloride,  SmOCL,  is  known  (p.  255). 

Samarium  subchloride,  SmClg,  is  prepared  by  strongly  heating 
samarium  chloride  in  a  current  of  pure,  dry  hydrogen  or  ammonia.  It  is  a 
dark  hrown,  crystalline  solid  of  density  3'69  at  22°,  insoluble  in  alcohol, 
pyridine,  carbon  disulphide,  chloroform,  or  benzene.  It  dissolves  readily  in 
water,  giving  a  dark  reddish-brown  solution.  The  colour  slowly  disappears, 
hydrogen  being  evolved  and  samarium  hydroxide  precipitated.  The  rapidity 
with  which  the  colour  disappears  is  greatly  enhanced  by  shaking  the  solution 
in  air : — ^ 

eSmOlg  +  GHgO  =4SmCl3-l-2Sm(OH)3-f3H2 
12SmCl2  +  6H2O  +  3O2  =  SSmClg  -1-  4Sm(OH)3 

Samarium  bromide,  SmBrg. — Seep.  255.  The  hexahydrate,  SnxBr3.6H20, 
separates  from  aqueous  solution  in  prismatic  crystals  of  density  2-97,  and  forms 
an  auribromide,  SmBrg. AuBrg.lOHgO  (Cleve). 

Samarium  iodide,  Smig,  has  been  prepared  by  Matignon  (p.  255). 

Samarium  subiodide,  SmIg,  has  been  prepared  by  reducing  the  heated 
tri-iodide  in  a  current  of  dry  hydrogen.® 

Samarium  bromate,  Sm(Br0g)3.9H20.  See  p.  256.  This  salt 
crystallises  in  yellow,  hexagonal  prisms,  is  converted  into  the  dihydrate, 
Sm(Br03)3.2H20,  at  100“,  the  anhydrous  salt  at  150“,  and  decomposes  at 
higher  temperatures. 

Samarium  iodate,  Sm(IO„)o.6H,0,  forms  a  voluminous,  white,  amorphous 
precipitate  (Cleve).  ’  '  ^  -  F 

Samarium  periodate,  SmI05.4H20,  may  he  obtained  as  an  amorphous 
precipitate  which  becomes  crystalline  on  standing  (Cleve). 


^  Matignon,  Oom.pt.  rend.,  1902,  134,  1308;  Ann.  Chim.  Phys.,  1906,  [viii.],  8,  403; 
Bonrion,  ihid.,  1910,  [viii.],  21,  49. 

“  Matignon  and  Trannoy,  Compt.  rend.,  1905,  140,  141 ;  Ann.  Chim.  Phys.,  1906,  [viii.], 
8,  407. 

3  Matignon  and  Gazes,  Compt.  rend.,  1906,  142,  83;  Ann.  Chim.  Phtjs.,  1906,  [\dii.], 
8,  417. 
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Samarium  and  the  Oxygen  Group. 

Samarium  sesquioxide,  or  samaria,  Sin203,  may  be  prepared  by  the 
ignition  of  the  hydroxide,  carbonate,  nitrate,  oxalate,  etc.  It  is  an  almost 
white  powder  with  a  faint  yellow  tinge,  and  its  density  is  8-347.  It  dissolves 
readily  in  acids.  The  corresponding  hydroxide  is  a  gelatinous  precipitate  that 
absorbs  carbon  dioxide  from  the  air.  The  addition  of  ammoniacal  hydrogen 
peroxide  to  a  solution  of  a  samarium  salt  causes  the  precipitation  of  a 
hydrated  peroxide,  Sm^Og.irHgO  or  probably  SmgOjirHgO.^ 


Fig.  41. — T1  e  systems  81112(804)3 — NagSO^ — and  81112(804)3 — (NH4)2S04 — HgO 

at  25°.  8olubility  diagrams. 

Samarium  sulphide,  Sm2S3,  is  a  yellow  solid  of  density  3-70.2 

Samarium  sulphite,  Sm2(S03)3.3H20,  has  been  obtained  by  Cleve  as  a 
white,  amorphous  powder  (see  p.  260). 

Samarium  sulphate,  Sm2(S04)3. — For  preparation  and  general  pro¬ 
perties,  see  p.  260.  The  monoclinic  ^  octahydrate,  Sm2(S0.4)3  SHgO,  is  the 
only  hydrate  known.  The  acid  mlphate,  Sm(HS04)3,  and  the  hade  sulphate, 
Sm203.S03,  are  known  (p.  263).  The  following  double  sulphates  have  been 
described  by  Cleve  : — 

2Sm2(S04)3. 9K2SO4. 3H2O  Sm2(S04)3.  (NH4),S04.  8H2O 

Sm2(S04)3.Na2S04.2H20 


1  Cleve,  Bull.  Soc.  chim.,  1885,  [ii.],  43,  53. 

2  Erdmann  and  Wirth,  Annalen,  1908,  361,  190  ;  cf.  Moissan,  Compt.  rend.,  1900,  131, 
02^  Sb©  p  259 

®  Fock,  Zeitsch.  Kryst.  Min.,  1900,  32,  250  ;  Dufet,  Chem.  Zentr.,  1902,  i.  452.  See 

p.  261. 


424 


ALUMINIUM  AND  ITS  CONGENERS. 


According  to  Keyes  and  James, ^  the  only  double  sodium  and  ammonium 
sulphates  that  exist  at  25°  have  the  formulse  2Sm2(S04)3.3Na2S04.fiH20  and 
Sm2(S04)3.(NH,)2S04.7H20.  The  results  of  their  solubility  measurements 
are  shown  graphically  in  fig.  41. 

Samarium  selenite. — Sodium  selenite  gives  with  samarium  sulphate  a 
precipitate  of  a  basic  selenite.  Acid  samarium  selenite,  Sm2(Se03)3.H2Se03.4H20, 
is  precipitated  when  aqueous  solutions  of  samarium  acetate  and  selenious  acid 
are  mixed  (Cleve). 

Samarium  selenate,  Sm2(Se04)3. — The  octahydrate,  Sm2(Se04)3.8H20, 
crystallises  from  aqueous  solution  at  ordinary  temperatures.  Eelow  10°,  the 
dodecahydrate,  Sm2(Se04)3.12H20,  separates  in  shining,  prismatic  crystals. 
The  following  double  salts  are  readily  soluble  in  water  (Cleve) : — 

Sm2(Se04)3.K2Se04.6H20  Sm2(Se04)3.(NH4)2Se04.6H20 

Samarium  chromate. — Potassium  dichromate  gives  no  precipitate  with 
samarium  nitrate,  hut  potassium  chromate  gives  a  yellow,  crystalline  pre¬ 
cipitate  of  samarium  potassium  chromate,  Sm2(Cr04)3.K2Cr04.6H20  (Cleve). 

Samarium  molybdate,  Sm2(Mo04)3,  forms  small,  lustrous  crystals  of 
density  approximately  5'95.  The  double  salt,  SmNa(Mo04)2,  has  also  been 
made  (Cleve). 

Samarium  tungstate. — The  metatungstate,  Sm2(W40j3)3.35H20,  forms 
readily  soluble,  topaz-yellow  crystals  of  density  3-994.  A  sodium  samarium 
tungstate  is  also  known  (see  p.  265). 

Samarium  silicotungstate,  Sm4(W42Si04o)3. — See  p.  266. 

Samarium  and  the  Nitrogen  Group. 

Samarium  nitride. — See  p.  267. 

Samarium  nitrate,  Sm(N03)3.6H20,  crystallises  in  extremely  soluble, 
yellow  needles,  melting  at  78°-79°  (Cleve).  The  double  salts  are  described 
on  p.  268.2 

Samarium  orthophosphate,  SmPO^,  is  obtained  in  the  crystalline 
form  by  fusing  sodium  metaphosphate  with  samaria,  allowing  to  cool,  and 
extracting  the  mass  with  water.  It  is  a  crystalline  powder  of  density  5-83 
at  17-5* *,  insoluble  in  water  (Cleve). 

Samarium  hydrogen  pyrophosphate,  2SmHP20..7H20,  may  be 
prepared  by  adding  samarium  hydroxide  to  aqueous  pyrophosphoric  acid 
(Cleve).  The  compound  SmgOg.bPgOj  is  also  known. 

Samarium  vanadates. — Two  hydrates  of  the  salt  Sm203.5V205  have 
been  prepared  by  Cleve,  namely,  red  crystals  of  Sm203.5V,0-.28H20  and 
yellow  crystals  of  Sm203.5V205.24H20. 

Samarium  and  the  Carbon  Group. 

Samarium  carbide,  SmC2,  has  been  described  (p.  270). 

Samarium  carbonate,  Sm2(C03)3.3H20,  loses  IH2O  at  100°.  The 
following  double  salts  are  known  (Cleve) ; — 

•  Sm2(C03)3.K2C03.12H20  Sm2(C03)3.(NH4)2C03.4H20 

Sm2(C03)3.Na2C03.16H20 


1  Keyes  and  James,  J.  Amer.  Chein.  Soc.,  1914,  36,  634. 

*  See  also  Demaiyay,  Compt.  rend.,  1900,  130,  1185. 
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Samarium  platinocyanide,  2Sm(CN)3..SPt(CN)2.18H20,  crystallises  in 
yellow  prisms  having  a  blue  reflex  (c/.  p.  272). 

Samarium  thiocyanate,  Sm(CNS)3.6H20,  forms  prismatic  crystals 
easily  soluble  in  water.  The  double  salt,  Sm(CNS)3.3Hg(CN)2.12H20,  is  also 
known  (Cleve). 

Samarium  ethylsulphate,  Sm(C2H5.S0.)g.9H20,  has  been  described 
(p.  278). 

Samarium  acetylacetonate,  SmfCHg.CO.CH.OO.CHo).,,  has  also  been 
described  (p.  279). 

Samarium  oxalate,  Sm2(C2O4)3.10H2O,  is  obtained  as  a  yellow,  crys¬ 
talline  precipitate  by  adding  a  solution  of  oxalic  acid  to  one  of  a  samarium  salt. 
For  its  solubility  in  water  and  acids,  see  p.  273.  When  potassium  oxalate 
is  used  as  precipitant,  samarium  potassium  oxalate,  Sm2(C204)3.K2C204.5H20, 
is  obtained  (Cleve). 

Samarium  salts  of  organic  acids. — The  following  salts  have  been 
described  : — 

Samarium  formate,^  acetate,^  propionate,^  thioacetate^  glycollate^'  ®  succin¬ 
ate,^  citrate,^  tartrate,^  malonate^  citraconate^  sebacate,^  dimethylphosphate,^ 
cacodylate^'  ^  ethylgly collate,^  methylsulphonate,^  eihylsulphonate^  propyl- 
sulphonate,^  isobutylsulphonate,^  _  methanetrisulphonate,^  ethanedisiolphonate,^ 
phenoxyacetate,^  m  -  nitrobenzenesulplionate^  p  -  dibromobenzenesulphonate,^^ 
1:4;  2-bromonitrobenzenesulphonate,^  1:3:  i-metaxylenesulphonate,^  camphor- 
sulphonate,^  and  ^-hydroxynaphthalene-l-sulphonated 

Samarium  and  Boron. 

Samarium  orthoborate,  SmBOg,  is  produced  when  samaria  is  dissolved 
in  molten  borax  at  a  white  heat.  It  crystallises  in  very  thin  micaceous  scales, 
which  may  be  extracted  from  the  mass,  after  cooling,  by  careful  treatment 
with  cold,  dilute  hydrochloric  acid  (Cleve). 

Samarium  metaborate,  Sm(B02)3,  has  been  described  (p.  282). 


1  Cleve,  Chem.  News,  1883,  53'  30. 

^  Pratt  and  James,  J.  Amer.  Chem.  Soc.,  1911,  33,  1330. 
®  James,  Hoben,  and  Robinson,  ibid.,  1912,  34,  276. 

^  Wbittemore  and  James,  ibid,,  1913,  35,  127. 

^  Katz  and  James,  ibid.,  1913,  35,  872. 

®  Morgan  and  James,  ibid.,  1914,  36,  10. 

’  Erdmann  and  Wirth,  Annalen,  1908,  361,  190. 

®  Holmberg,  Zeitsch.  anorg.  Chem.,  1907,  53;  83. 

®  Jantsch  and  Grlinkraut,  ibid.,  1913,  79j  305. 
Armstrong  and  Rodd,  Proc.  Roy.  Soc.,  1912,  87,  204. 


CHAPTER  XIII. 

THE  RARE  EARTH  ELEMENTS  (continued). 

THE  TERBIUM  GROUP. 

The  rare  earth  elements  included  in  this  group  are  only  three  in  number, 
namely,  europium,  gadolinium,  and  terbium.  Europium  and  terbium  are 
rare  in  comparison  with  gadolinium,  itself  not  one  of  the  most  abundant  of 
the  rare  earth  elements. 

By  utilising  bismuth  as  a  separating  element  it  is  possible  to  effect  a 
quantitative  separation  of  the  cerium  and  terbium  groups  by  the  crystallisa¬ 
tion  of  the  double  magnesium  nitrates.  At  the  same  time  a  very  good 
separation  of  europium  and  gadolinium  is  obtained.  The  most  rapid  method 
for  eliminating  terbium  from  gadolinium  consists  in  fractionally  crystallising 
the  bromates.  A  summary  of  the  various  processes  for  the  separation  of 
the  terbium  group  is  given  in  Chapter  XI. 

Few  compounds  of  europium  and  terbium  have  been  described. 

EUROPIUM. 

Symbol,  Eu.  Atomic  weight,  152 ‘0  (0  =  16). 

Europium  (Z^,  Zf,  2,  and  Ss)  is  one  of  the  least  abundant  of  the  rare 
earth  elements.  Monazite  sand  contains  about  0'002  per  cent,  of  europia.^ 
Europium  has  been  detected  spectroscopically  in  the  chromosphere  of  the 
sun  and  in  the  stars  a-Bobtis  and  yS-Geminorum.® 

Europium  compounds  are  pale  pink  in  colour.  Europia  was  isolated 
by  Demar9ay,  and  prepared  in  a  state  of  purity  by  Urbain  and  Lacombe  in 
1904.  Subsequently  it  has  been  prepared  by  James  and  Robinson.^  The 
methods  employed  have  been  already  described  (p.  348). 

Europium  chloride,  EuCl^,  has  been  prepared  by  Bourion  (p.  252). 

Europous  chloride,  EuCl2,  is  prepared  by  heating  the  anhydrous 
trichloride  to  400°-450°  in  a  current  of  dry  hydrogen.  It  is  a  colourless, 
amorphous  solid,  which  dissolves  in  cold  water,  forming  a  neutral  solution. 
The  aqueous  solution  oxidises  on  boiling  ;  — ^ 

12EuCl2  +  SOg  -I-  6H2O  =  SEuClj  -1-  4Eu(OH)3. 


1  Urbain  and  Lacombe,  Compt.  rend.,  1904,  138,  627. 

“  Lunt,  Proc.  Eoy.  Soc.,  1907,  A,  79,  118. 

^  Demar9ay,  Compt.  rend.,  1900,  130,  1019,  1469  ;  1901,  132,  1484  ;  Urbain  and 
Lacombe,  ibid.,  1903,  137,  792  ;  1904,  138,  84,  627  ;  J.  Chim.  p/iys.,  1906,  4,  31,  105; 
James  and  Robinson,  J.  Amer.  Chem.  Soc.,  1911,  33,  1363.  See  also  Stoddart  and  Hill, 
ibid.,  1911,  33,  1076. 

*  Urbain  and  Bourion,  Compt.  rend.,  1911,  153,  1155. 
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Europium  sesquioxide,  or  europia,  EugOg,  produced  by  igniting  the 
oxalate  or  sulphate,  is  a  pale  pink  powder. 

Europium  sulphate,  Eu2(S04)3,  is  obtained  by  heating  the  octahydrate, 
Eu2(S04)3.8H20,  to  376“.  It  is  completely  decomposed  at  1600°.^ 

Europium  ethylsulphate,  Eu(C2H5.S04)3.9H20,  has  been  described 
(p.  278). 

Other  organic  salts. — The  formate,^  quinate,^  pyromucate,^  m-nitro- 
bemenesulphonate"^  and  1:4:  2-h'omonitrohenzenesulphonate^  have  been 
prepared. 

GADOLINIUM. 

Symbol,  Gd.  Atomic  weight,  157 '3  (0  =  16). 

Gadolinum  (Y^  and  victorium)  is,  like  samarium,  neither  one  of  the  most 
nor  one  of  the  least  abundant  of  the  rare  earth  elements.  It  forms  a 
colourless  oxide  and  a  series  of  colourless  salts,  which  exhibit  no  selective 
absorption  in  the  visible  region  of  the  spectrum,  but  show  an  ultraviolet 
absorption  spectrum.  Gadolinia  was  doubtless  one  of  the  main  constituents 
of  the  “  terbia  ”  obtained  by  the  earlier  workers  in  the  field  of  rare  earth 
chemistry. 

Since  gadolinium  was  discovered  by  Marignac  and  examined  by  Lecoq  de 
Boisbaudran,  the  isolation  of  pure  gadolinia  has  been  studied  by  Bettendorf, 
Benedicks,  Demargay,  Marc,  and  by  Urbain  and  Lacombe.^  f 

The  salts  of  gadolinium  have  been  described  mainly  by  Benedicks.® 

Gadolinium  fluoride,  GdFg,  prepared  from  aqueous  gadolinium  sulphate 
and  hydrofluoric  acid,  is  a  colourless,  gelatinous  precipitate  which  becomes 
granular  when  warmed.® 

Gadolinium  chloride,  GdClg,  is  a  white,  hygroscopic  crystalline  mass 
(p.  252).  It  forms  a  hexahydrate,  GdCl3.6H20,  of  density  2'42.  Gadolinium 
aurichloride,  GdClg.AuClg.lOHgO,  crystallises  in  yellow  tables  of  specific 
gravity  2’71.  Gadolinium  platinichloride,  GdClg.PtCl^.lOHgO,  forms  orange- 
red  crystals  of  density  2-72. 

Gadolinium  oxychloride,  GdOCl,  has  been  prepared  (p.  255). 

Gadolinium  bromide,  GdBrg,  is  known  (p.  256),  and  also  the  hexa¬ 
hydrate,  GdBi'g.GHgO,  which  crystallises  in  rhombic  tables  of  density  2 '84. 

Gadolinium  oxide,  or  gadolinia,  GdgOg,  is  a  white  powder  of  density 
7 '407  at  15°.  It  is  hygroscopic,  absorbs  carbon  dioxide,  and  is  readily  soluble 
in  acids.  The  gelatinous  hydroxide,  Gd(OH)3,  also  absorbs  carbon  dioxide 
rapidly. 

Gadolinium  sulphide,  GdgSg,  is  a  hygroscopic,  yellow  solid  of  density 
3 ‘8.  It  is  slowly  decomposed  by  water,  quickly  by  acids.'^ 

Gadolinium  sulphate,  Gd2(S04)g.— The  octahydrate,  Gd2(S04)3.8H20,  is 


1  See  Jantscli,  Oompt.  rend.,  1908,  146,  473. 

2  James  and  Robinson,  J.  Amer.  Chem.  Soc.,  1913,  35,  754. 

^  Katz  and  James,  ibid.,  1913,  35,  872. 

4  Marignac,  Arch.  Sei.  phijs.  nat,  1880,  [iii.],  3,  413 ;  Ann.  Ohim.  Phys.,  1880,  [v.],  20, 
535;  Lecoq  de  Boisbaudran,  Covipt.  rend.,  1890,  in,  394  ;  Bettendorf,  Annalen,  1892, 
270,  376  ;  Benedicks,  Zeitscli.  anorg.  Chem.,  1900,  22,  393  ;  Demarcay,  Gompt.  rend.,  1900, 
131’  343  :  Marc,  Zeitsch.  anorg.  Chem.,  1904,  38,  121  ;  Urbain  and  Lacombe,  Compt.  rend., 
1903,  137,792;  1904,  138,  84,  627;  Urbain,  Compt.  rend.,  1904,  139,  736;  1905,  140, 
583  ;  J.  Chim.  phys.,  1906,  4,  31,  105,  321. 

®  Benedicks,  loc.  cit. 

®  Popovioi,  Ber.,  1908,  41,  634. 

’  Erdmann  and  Wirth,  Annalen,  1908,  361,  190, 
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the  only  hydrate  known,  and  forms  monoclinic  crystals  (p.  261).  The 
solubility  (in  parts  of  anhydrous  salt  per  100  of  water)  is  as  follows  : — 

0°  10°  14°  25°  34-4° 

3-98  3-33  2-80  2-40  2-26 

The  solubility  in  a  saturated  solution  of  sodium  sulphate  is  such  that  at 
25°  C.  the  solution  contains  0'6  gram  of  anhydrous  gadolinium  sulphate  per 
.litre,  gadolinium  sodium  sulphate,  Gd2(S04)3.Na2S0^.2H20,  being  the  stable 
solid  phase.^  The  corresponding  potassium  salt  is  also  known  (Benedicks). 

Gadolinium  acid  selenite,  Gd2(Se03)g.H2Se03.6H20,  obtained  from 
gadolinium  acetate  and  selenic  acid,  is  an  amorphous  precipitate  which 
becomes  crystalline  on  standing. 

Gadolinium  selenate,  Gd2(Se04)3,  and  the  octa-  and  deca-hydrates  are 
known  (p.  264).  The  octahydrate  separates  from  aqueous  solution  at  100°, 
the  decahydrate  at  the  ordinary  temperature.  The  double  salt,  gadolinium 
potassium  selenate,  Gd2(Se04)g.3K2Se04.4H20,  is  also  known. 

Gadolinium  silicotungstate,  Gd4(W42Si04o)3.  See  p.  266. 

Gadolinium  nitrate,  Gd(N03)g.6H20,  separates  from  aqueous  solution  in 
large,  triclinic  crystals  of  density  2 '33,  and  melts  at  91°.^  From  concentrated 
nitric  acid  the  pentahydrate,  Gd(N03)3.5H20,  crystallises  out  in  prisms  of 
density  2 "41.  Of  all  the  rare  earth  nitrates,  this  salt  is  the  least  soluble  in 
nitric  acid.  It  melts  at  92°. 

Gadolinium  ammonium  nitrate,  Gd(N03)3.2(NH4)N03.a;H20,  is  an 
extremely  soluble,  deliquescent  salt.  For  other  double  nitrates,  see 
p.  269. 

Gadolinium  vanadate,  GdV5044.13H20,  crystallises  in  yellow,  triclinic 
prisms  of  density  2-66. 

Gadolinium  carbonate,  Gd2(C03)3.13H20(?),  is  obtained  by  passing  a 
current  of  carbon  dioxide  for  a  long  time  through  an  aqueous  suspension  of 
gadolinium  hydroxide.  The  basic  carbonate,  Gd(0H)C03.H.,0,  is  also  known. 

Gadolinium  platinocyanide,  2Gd(C]Sr)3.3Pt(CN)2.21H20,  forms  rhombic 
crystals  isomorphous  with  the  yttrium  salt. 

Gadolinium  oxalate,  Gd2(C2O4)3.10H2O,  is  obtained  by  precipitation 
as  a  white,  microcrystalline  powder.  It  separates  from  concentrated  nitric 
acid  in  monoclinic  crystals.  For  its  solubility  in  sulphuric  acid,  see  p.  273. 
The  decahydrate  loses  6H2O  at  100°. 

Gadolinium  ethylsulphate,  Gd(C2H3. 804)3.91120.  See  p.  278. 

Gadolinium  acetate,  Gd(C2H302)3.4H20,  forms  soluble  triclinic  crystals 
of  density  1'611.  Hhe  propionate,^  glycollate,^  malonate,^  dimethylphosphate,^^ 
1:4:2  bromonitrobenzenesulphonate,^  m-nitrobenzenesuXphonate,^  p-dichloro- 
bemenesulphonate^  2M.dL  p-dibromobenzenesulphonate  ®  have  also  been  described. 

Gadolinium  metaborate,  Gd(B02)3,  has  been  described  (p.  282). 


1  Bissel  and  James,  J.  Amer.  Chem,  Soc,,  1916,  38,  873. 

®  Demai-9ay,  loe.  cit.;  von  Lang  and  Haitinger,  Annalen,  1907,  351,  450.  See  p.  268, 
®  Benedicks,  Zeitsch.  anorg.  CJiem.,  1900,  22,  393. 

*  Holmberg,  ibid.,  1907,  53,  83. 

®  Jantsch  and  Griinkraut,  ibid.,  1913,  79,  305. 

®  Erdmann  and  Wirtli,  Annalen,  1908,  361,  190. 

’  Armstrong  and  Rodd,  Proc.  Roy.  Soc.,  1912,  A,  87,  204. 

®  Kodd,  ibid.,  1913,  A,  89,  292. 

®  Katz  and  James,  J.  Amer.  Ohem.  Soc.,  1913,  35,  872. 

Morgan  and  James,  ibid.,  1914,  36,  10. 
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TERBIUM. 

Symbol,  Tb.  Atomic  weight,  159’2  (0  =  16). 

Terbium  (Z^,  Z^,  T,  ionium,  and  incognitum),  notwithstanding  the  fact 
that  its  existence  was  foretold  by  Mosander  in  1843,  is  one  of  the  least 
abundant  of  the  rare  earth  elements.  Its  curious  history,  and  also  the 
processes  by  which  pure  terbia  may  be  isolated,  have  been  already  given 
in  Chapters  X.  and  XI.  The  preparation  of  pure  terbia  was  first  accomplished 
by  Urbain.^ 

Terbia  is  white  and  the  salts  of  terbium  are  colourless.  The  most 
interesting  compound  of  terbhim  is  the  peroxide.  Only  a  few  terbium 
compounds  have  been  described.  ^ 

Terbium  chloride,  TbClg,  prepared  by  Bourion  (p.  252),  crystallises  in 
colourless  needles  which  melt  to  a  colourless  liquid.  The  hexahydrate, 
TbClg.GHgO,  forms  hygroscopic,  colourless,  prismatic  crystals. 

Terbium  bromide,  TbBrg. — See  p.  255. 

Terbium  sesquioxide,  or  terbia,  Tb203,  is  a  white  solid  obtained  by 
heating  the  peroxide  in  hydrogen. 

Terbium  peroxide,  Tb^07,  is  produced  by  calcining  the  terbium  salts 
of  volatile  acids  in  air.  Prepared  by  the  ignition  of  the  oxalate  in  a  muffle 
furnace,  it  is  a  dark  brown  powder,  but  when  obtained  from  the  sulphate  at 
a  white  heat  it  is  black.  The  strongly  calcined  peroxide  is  not  attacked  by 
cold  mineral  acids  and  is  only  slowly  acted  upon  by  hot,  dilute  acids. 

Owing  to  the  ready  formation  of  this  peroxide  and  its  intense  colouring 
power,  the  presence  of  even  traces  of  terbia  in  europia,  gadolinia,  dysprosia, 
and  yttria  is  easily  detected. 

Terbium  may  be  estimated  quantitatively  by  igniting  the  oxalate  and 
weighing  the  residual  peroxide. 

Terbium  sulphate,  Tb2(SOj3,  is  prepared  by  dehydrating  the  octa- 
hydrate,  Tb2(S0j3.8H20,  at  360°. 

Terbium  silicotungstate,  Tb^(Wi2Si04o)3. — See  p.  266. 

Terbium  nitrate,  Tb(N03)3.6H20,  forms  colourless,  monoclinic  needles, 
m.p.  89-3“. 

The  propionate,^  pyromucate,^  and  1:4:  2-hromonitrobenzenesulphonate  ® 
have  also  been  described. 


1  Urbain,  Compt.  rend.,  1904,  139,  736;  1905,  141,  521;  1909,  149,  37;  J.  Chim.  phys., 
1906,  4,  334.  See  also  James  and  Bissel,  J.  Amer.  Ghem.  Soc,,  1914,  36,  2060,  and  cf. 
Marc,  £er.,  1902,  35,  2382;  Feit,  Zeitsch.  anorg.  Ghem.,  1905,  43,  267  ;  Potratz,  Ghem. 
News,  1905,  92,  3. 

2  Urbain,  loc.  cit.,  and  Gompt.  rend.,  1906,  142,  957  ;  Urbain  and  Jantscli,  ibid.,  1908, 
146,  127. 

®  Grant  and  James,  J.  Amer.  Ghem.  Soc.,  1915,  37,  2652'. 
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THE  RARE  EARTH  ELEMENTS  {concluded). 

THE  YTTRIUM  GROUP. 

The  elements  of  this  group  are  dysprosium,  holrnium,  yttrium,  erbium, 
thulium,  ytterbium,  lutecium,  and  celtium.  All  are  rare  in  comparison  with 
yttrium  itself,  ytterbium  being  perhaps  the  most  abundant.  Erbium  is 
much  less  abundant  than  is  commonly  supposed. 

The  compounds  of  the  elements  of  this  group  have  received  little  attention 
at  the  hands  of  chemists.  Attention  has  been  directed  mainly  towards  the 
problem  of  separating  the  actual  earths  of  the  group  from  one  another ;  the 
results,  however,  still  leave  much  to  be  desired,  and  considerable  work  still 
remains  to  be  done  in  connection  with  the  yttria  earths. 

In  the  following  brief  account  the  elements  are  discussed  in  their 
serial  order. 


DYSPROSIUM. 

Symbol,  Dy.  Atomic  weight,  162'5  (0  =  16). 

Dysprosium  (Za,  Z^,  A,  and  demonium  i)  is  one  of  the  least  abundant  of  the 
rare  earth  elements.  Its  salts  were  isolated  in  a  pure  state  by  Urbain  in 
1906.  They  are  yellow  or  greenish-yellow  in  colour.  Only  a  few  dysprosium 
compounds  have  been  described.  ^ 

Dysprosium  chloride,  DyClg,  crystallises  in  pale  yellow,  pearly 
spangles,  and  melts  to  a  colourless  liquid.  It  has  been  prepared  by  Bourion 
(p.  252).  The  chloride  forms  a  hexahydrate,  DyClg. GHoO. 

Dysprosium  oxychloride,  DyOCl,  is  also  known  (p.  255). 

Dypsrosium  bromide,  DyBrg. — See  p.  255. 

Dysprosium  bromate,  Dy(Br03)g.9H20,  forms  shining,  pale  yellow, 
hexagonal  needles,  m.p.  78°.  By  prolonged  heating  at  110°,  the  trihydrate, 
Dy(Br0g)3.3H20,  is  obtained.® 

Dysprosium  sesquioxide,  or  dysprosia,  Dy203,  is  a  white,  highly 
paramagnetic  solid  (p.  266).  No  peroxide  is  known. 

Dysprosium  sulphate,  Dy 2(804)3,  may  be  obtained  by  dehydrating  the 
ootahydrate,  Dy2(S04)3.8H20,  at  360°.  The  latter  forms  brilliant  yellow 
crystals,  stable  at  110°. 


^  Rowland’s  element  demonium  was  characterised  by  the  spectrum  line  \4000'6,  which 
belongs  to  dysprosium  (see  p.  308).  See  Rowland,  Ghem.  iVeM;s,-1894,  70,  68. 

^  Urbain,  Compt.  rend.,  1906,  142,  785  ;  1908,  146,  922  ;  Urbain  and  Demenitroux, 
ibid.,  1906,  143,  598  ;  Urbain  and  Jantsch,  ibid,,  1908,  146,  127 ;  Jantsch  and  Ohl,  Ber., 
1911,  44,  1274. 

®  Jantsch  and  Ohl,  loc,  cit. 
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Dysprosium  selenate,  072(8604)3,  may  be  obtained  by  dehydrating 
the  yellow,  crystalline  octahydrate,  072(8604)3.8020,  at  200°.^^ 

Dysprosium  chromate,  Oy2(CrO4)g.l0H2O,  obtained  by  double  de¬ 
composition,  is  a  greenish-yellow,  microcrystalline  powder.  At  160° 
it  loses  3-5H20,  and  above  that  temperature  decomposition  occurs.  A 
saturated  solution  of  the  decahydrate  at  25°  contains  10  grams  of  the 
salt  per  litre.^ 

Dysprosium  nitrate,  07(003)3.61120,  melts  at  88-6°  and  resembles  the 
corresponding  bismuth  salt. 

Dysprosium  phosphate,  DyP04.5H20,  a  gelatinous  precipitate  which 
slowly  turns  crystalline,  is  a  pale  yellow  solid  which  may  be  dehydrated 
at  200°.i 

Dysprosium  carbonate,  072(003)3.41120,  an  insoluble  powder  formed 
by  treating  an  aqueous  suspension  of  dysprosium  hydroxide  with  a  current 
of  carbon  dioxide,  loses  SHgO  at  ordinary  temperatures.  In  contact  with 
saturated  aqueous  ammonium  carbonate,  it  is  slowly  converted  into  sparingly 
soluble,  crystalline  dysprosium  ammonium  carbonate,  (NH4)30y(C03)3.H20, 
which  begins  to  lose  ammonia  at  60°.^ 

Dysprosium  oxalate,  Dy2(C2O4)3.10B[2O,  is  precipitated  as  microscopic 
prisms,  insoluble  in  water.  One  litre  of  normal  sulphuric  acid  at  20°  dissolves 
1'893  grams  of  the  oxalate  (anhydrous).  Dysprosium  potassium  oxalate, 
K 07(0204)2.31120,  precipitated  when  solutions  of  dysprosium  nitrate  and 
potassium  oxalate  are  mixed,  is  readily  soluble  in  dilute  acids.’- 

Dysprosium  platinocyanide,^  2Dy(CN)3,3Pt(CN)2.21H20,  forms 
cinnabar-red  crystals  with  a  green  reflex  (c/.  p.  272).  The  formate'^  and 
acetate  ’  are  also  known. 


HOLMIUM.2 

Symbol,  Ho.  Atomic  weight,  16S'5  (0  =  16). 

Holmium  is  one  of  the  least  abundant  of  the  rare  earth  elements.  The 
isolation  of  pure  holmia  has  been  a  task  of  great  difficulty.  The  methods 
that  have  been  used  are  described  elsewhere  (p.  356).  The  best  holmia  yet 
obtained  (1916)  was  extracted  from  the  mineral  euxenite  by  Holmberg.  It 
contained  traces  of  erbia  and  dysprosia. 

Holmia,  H02O3,  is  a  pale  yellow,  highly  paramagnetic  powder.  The 
salts  of  holmium  are  yellow  with  an  orange  tinge.^ 


YTTRIUM. 

Symbol,^  Y.  Atomic  weight,  88‘7  (0  =  16). 

Yttrium  is  the  most  abundant  of  the  rare  earth  elements  of  the  yttrium 
group.  Since,  however,  minerals  rich  in  this  group  are  much  less  abundant 
than  minerals  rich  in  the  cerium  group,  and  the  latter  minerals  are  usually 


^  Jantsch  and  Ohl,  loc,  dt. 

2  Sometimes  called  neoholmium,  the  original  “holmium”  being  neoholmium  plus 
dysprosium. 

®  Holmberg,  ArJciv  Ghem.  Min.  Qeol.,  1911,  4)  Nos.  2  and  10  ;  Zeitsch.  anorg,  Ghein., 
1911,  71,  226. 

*  Two  symbols  are  in  use  for  yttrium,  viz.,  Y  and  Yt.  The  symbol  Y,  used  by 
Berzelius  and  by  all  the  early  workers  on  the  rare  earths,  has  been  adopted  here. 
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very  poor  in  yttrium,  it  is  doubtful  whether  yttrium  is  as  abundant  as  any 
of  the  cerium  metals,  samarium  excepted. 

The  occurrence,  history,  preparation,  atomic  weight,  and  homogeneity  of 
yttrium  have  been  already  discussed  in  Chapters  X.  and  XL 

Yttrium. — The  metal  has  not  yet  been  prepared  in  quantity  in  the 
massive  form.  One  or  two  chemists  have  prepared  it  as  a  grey,  metallic 
powder,  the  chemical  properties  of  which  were  similar  to  those  of  cerium  and 
lanthanum ;  but  they  did  not  work  with  pure  yttrium  compounds.^ 


COMPOUNDS  OF  YTTRIUM. 

The  compounds  of  yttrium  have  been  described  mainly  by  Cleve  and 
Hogluiid.2  Those  derived  from  colourless  acids  are  themselves  colourless  and 
exhibit  no  selective  absorption. 


Yttrium  and  the  Fluorine  Group. 


Yttrium  fluoride,  YFg. — See  p.  252.  The  hemihydrate,  2YFg.H20,  is 
obtained  by  double  decomposition  (Cleve). 

Yttrium  chloride,^  YClg. — For  the  preparation  and  properties  of  the 
anhydrous  salt,  see  p.  252.  It  is  a  hygroscopic,  colourless,  crystalline  solid, 
perceptibly  volatile  at  a  bright  red  heat. 

The  hexahydrate,  YClg.GHgO,  crystallises  in  colourless,  monoclinic  prisms 
and  melts  at  156°  to  160°.  The  monohydrate,  YClg.HgO,  is  also  known 
(p.254)._  _ 

Yttrium  aurichloride,  YCl3.2AuClg.l6H20  (Cleve),  and  yttrium  mercuric 
chloride, YCl3..3HgCl2.9H20,  are  known. 

Yttrium  bromide,  YBrg,  crystallises  from  aqueous  solution  as  the 
hydrate,  YBrg.SHgO  (Cleve). 

Yttrium  chlorate,  Y(C10g)3.9H20,  obtained  by  double  decomposition 
between  yttrium  sulphate  and  barium  chlorate,  crystallises  from  water  in 
colourless  needles  (Cleve). 

Yttrium  perchlorate,  Y(C104)3.9H20,  is  a  very  hygroscopic  salt,  soluble 
in  water  and  alcohol  (Cleve). 

Yttrium  bromate,  Y(Br03)3.9H20,  forms  colourless,  hexagonal  prisms. 
At  100°  the  trihydrate,  Y(Brf)3)g.3H20,  is  produced  (see  p.  256). 

Yttrium  iodate,  Y(I03)3.3H20,  is  obtained  from  yttrium  nitrate  and 
iodic  acid  as  a  white  precipitate  (Cleve). 

Yttrium  per-iodate. — Two  per-iodates  have  been  prepared  by  Clove, 
Y20g.IA-8H20  and  3Y203.2L0,.6H,0. 


‘^2^7- 


^  For  references,  see  pp.  229-230.  S.  Meyer  (3/o?iafo7i.,  1899,  20,  793)  gives  the  density 
of  yttrium  (powder)  as  3-80  at  15°.  Owen  {Ann.  Physik,  1912,  [iv.],  37,  657)  says  that 
yttrium  is  paramagnetic.  Pure  yttria,  however,  is  diamagnetic. 

On  the  preparation  of  yttrium  alloys,  see  Siemens  and  Halske,  D.R.P.,  ITo.  146,503. 

^  Clove  and  Hoglund,  Bihang  K.  Svenska  Vet.-Akad.  Handl.,  1873,  2;  Bull.  Soc. 
chim.,  1873,  [ii.],  18,  193,  289  ;  Ber.,  1873,  6,  1467  ;  Cleve,  Bihang  K.  Svenska  Vet.-Akad. 
Handl.,  1874,  2,  No.  12  ;  Bull.  Soc.  chim.,  1874,  [ii.],  21,  344  ;  cf.  Popp,  Annalen,  1864, 
131.  '97. 


3  Matignon,  Compt.  rend.,  1902,  134,  1308  ;  Ann.  Chim.  Phys.,  1906,  [viii.],  8,  433  ; 
Bourion,  ibid.,  1910,  [viii.],  21,  49. 

^  Popp,  Annalen,  1864,  131,  197. 
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Yttrium  and  the  Oxygen  Group. 

Yttrium  sesquioxide,  or  yttria,  YgOg,  is  a  pure  white  powder  of  density 
4'84  at  15  C.^  It  is  feebly  diamagnetic  (p.  257). 

Yttria  absorbs  carbon  dioxide  from  the  air,  liberates  ammonia  from 
ammonium  salts,  and  dissolves  readily  in  acids. 

When  dissolved  in  molten  calcium  chloride  and  cooled,  yttria  assumes 
the  crystalline  state,  crystallising  in  trapezohedra.^  For  further  information 
concerning  yttria,  see  p.  256. 

Yttrium  hydroxide,  Y(OH)3,  is  obtained  as  a  gelatinous  precipitate 
from  solutions  of  yttrium  salts  by  the  addition  of  excess  of  a  soluble 
hydroxide.  It  readily  absorbs  carbon  dioxide.  When  the  precipitant  is  a 
mixture  of  ammonia  and  hydrogen  peroxide,  hydrated  yttrium  peroxide, 
Y^Og.ajHgO  or  perhaps  YgOj.icHgO,  is  produced.^ 

Yttrium  sulphide,  YgSg,  is  a  yellow  solid  which  resembles  the  other 
rare  earth  sulphides.^  A  green,  crystalline,  insoluble  double  sulphide, 
Y2Sg.Na^2S)  is  obtained  by  heating  a  mixture  of  yttria  and  sodium  chloride 
to  1000  in  a  stream  of  hydrogen  sulphide,  and  washing  the  product  with 
cold  water.® 

Yttrium  sulphite,  Y2(S0g)g.3H20,  has  been  prepared  (p.  260). 

Yttrium  sulphate,  ^2(804)3. — For  preparation  and  general  properties, 
see  p.  260.  The  specific  heat  of  the  anhydrous  sulphate  between  0°  and 
100°  is  0T319.6 

The  monoclinic  ^  octahydrate,  Y2(S04)3.8H20,  is  the  only  hydrate 
known.  At  25°  the  saturated  solution  contains  5‘38  grams  of  anhydrous 
sulphate  per  100  grams  of  water.®  Its  solubility  diminishes  with  rise  of 
temperature. 

For  acid  and  basic  sulphates,  see  p.  263.  The  following  double  sulphates 
are  known  (Cleve) : — 

2Y2(S04)3.3K2S04  Y2(S04)3.Na2S04.2H20 

Y2(SO,)g.4K2SO,  Y2(S0,)g.(NH,)2S0,.9H20 

The  addition  of  sodium  sulphate  increases  the  solubility  of  yttrium 
sulphate  at  first,  and  then  causes  the  solubility  to  diminish  rapidly.  With 
diminution  in  solubility  is  associated  a  change  in  solid  phase,  from  hydrated 
yttrium  sulphate  to  double  salt.  Solutions  supersaturated  with  respect  to 
the  double  salt  may  remain  in  the  metastable  state  for  several  months.  The 
solubility  curve  for  a  temperature  of  25°  is  shown  in  fig.  42.® 

Yttrium  dithionate,  Y2(S20g)3.18H20,  is  a  very  soluble  salt  (Cleve). 


1  R.  J.  Meyer  and  Wuorinen,  Zeitsch.  anorg.  Chem.,  1913,  80,  7.  Previous  results  are 
5‘03  (Cleve),  5’05  (Nilson  and  Pettersson),  4’84  (Muthmann  and  Bohni),  and  5'32  to  5'38 
(Tanatar  and  Voljansky,  J.  Russ.  Phys.  Ghevi.  Soc.,  1910,  42,  96).  They  suggest  very 
strongly  that  the  yttria  used  by  Cleve,  by  Nilson  and  Pettersson,  and  by  Tanatar  and 
Voljansky,  was  impure. 

2  Duboin,  Compt.  rend.,  1888,  107,  99. 

®  Cleve,  Bull.  Soc.  chim.,  1886,  [ii.],  43,  53. 

See  p.  259  ;  also  Cleve,  Bull.  Soc.  chim.,  1874,  [ii,],  21,  344. 

®  Duboin,  Compt.  rend.,  1888,  107,  243. 

®  'Nilson  and  Pettersson,  Compt.  rend.,  1880,  91,  232  ;  Ber.,  1880,  13,  1469. 

^  Kraus,  Zeitsch.  Kryst.  Min.,  1901,  34,  307  ;  see  p.  261. 

*  James  and  Holden,  J.  Amer.  Chem,  Soc.,  1913,  35,  659. 

VOL.  IV. 
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Yttrium  selenite,  ¥2(8603)3.1 2H2O,  is  obtained  as  a  white  precipitate 
by  adding  sodium  selenite  to  a  solution  of  yttrium  sulphate,  and  is  con¬ 
verted  by  warming  with  aqueous  selenious  acid  into  the  acid  selenite, 
Y2(Se03)3.H2Se03.4H20  (Cleve). 


Parts  of //si  SO f perlOO parts  of  H^O 


Fio.  42. — The  system  Y2(S04)3 — Na2S04 — HjO  at  25°  C. 

Solubility  diagram. 

Yttrium  selenate,  Y2(Se04)3. — The  monoclinic  octahydrate,  ¥2(8004)3. 
8H2O,  and  the  orthorhombic  decahydrate,  ¥2(8604)3.101120,  are  known 
(see  p.  264) ;  also  the  following  double  sulphates : — 

Y2(8e04)3.K28e04.6H20  '  ¥2(8004)3.  (NH4)28e04.6H20 

which  are  readily  soluble  in  water. 

Yttrium  tungstate,  Y2(W04)3- — S®®  P-  ^65. 

Yttrium  silicotungstate,  Y4(W428i043)3.— 8ee  p.  266. 


Yttrium  and  the  Nitrogen  Group. 

Yttrium  nitrate,  Y(N03)3.6H20,  forms  deliquescent,  triclinic  crystals^ 
and  loses  3H2O  at  100°.  The  trinitrate,  Y(N08)3.3H20,  crystallises  from 
very  concentrated  nitric  acid.^  A  dihydrate  has  also  been  described.® 
When  heated,  yttrium  nitrate  first  forms  basic  nitrate  and  subsequently  at 
very  high  temperatures  leaves  a  residue  of  yttria.  Yttrium  nitrate  is 
isodimorphous  with  bismuth  nitrate  (see  p.  234). 

A  saturated  aqueous  solution  of  the  nitrate  at  25°  has  a  specific  gravity 
(26°/25°)  of  1'7446  and  contains  141‘6  grams  of  anhydrous  nitrate  per 
100  grams  of  water.* * 

The  only  basic  yttrium  nitrate  that  exists  at  25°  has  the  composition 
3Y2O3.4N2Og.20H2O.  It  is  stable  in  air  and  in  the  presence  of  a  solution  of 
yttrium  nitrate  containing  one-fourth  its  weight  or  more  of  anhydrous 


*  Von  Lang  and  Haitinger,  Annalen,  1907,  351,  450. 

Demarsay,  Compt.  rend.,  1900,  130,  1019. 

*  Tanatar  and  Voljansky,  J.  Russ.  Rhys.  Chem.  Soc.,  1910,  42,  586. 

*  James  and  Pratt,  J.  Amer,  Cliem,  Soc.,  1910,  32,  873. 
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nitrate,  and  from  such  a  solution  it  can  be  recrystallised  (see  fig.  43).  It 
IS  not  affected  by  absolute  alcohol,  but  is  decomposed  by  water.^ 

Yttrium  orthophosphate,  YPO4,  occurs  in  nature  as  the  mineral 
xenotinie.  An  ammoniacal  solution  of  ammonium  orthophosphate  when 
added  to  yttrium  nitrate  precipitates  a  white  dihydrate,  YPO4.2H2O.  The 
amorphous  phosphate  may  be  crystallised  from  molten  yttrium  chloride.^ 


Fig.  43. — The  system  — NaOg — HjO  at  25°  0. 

Solubility  diagram. 


Acid  yttrium  orthophosphate,  Y2(HP04)3,  may  be  obtained  as  an  amorphous 
precipitate  by  adding  disodium  orthophosphate  to  a  solution  of  a  yttrium  salt 
(Cleve). 

Yttrium  hydrogen  pyrophosphate,  2YHP20^.7H20,  has  been  prepared 
by  Cleve.  The  following  compounds  have  also  been  described  : —  ^ 

2Y2O3.3P2O5  Y2O3.K2O.2P2O5  5Y2O3.3K0O.6P2O5 

Y203.Na20.2P205  Y2O3.3K2O.2P2O3  •Y203.3Na20.2P205 

Yttrium  metaphosphate,  Y(P03)3,  is  obtained  by  heating  yttria  with 
molten  metaphosphoric  acid  and  removing  excess  of  acid  with  water  (Cleve). 

Yttrium  and  the  Carbon  Group. 

Yttrium  carbide,  YC2,  has  been  described  (p.  270). 

Yttrium  carbonate,  Y2(C03)3.3H20,  and  the  following  double  salts 
are  known  (see  p.  271) : — 

Y2(C03)3.Na2C03.4H20  Y2(C03)3.(NH4)2C03.2H20 

Yttrium  platinocyanide,  2Y(CN)3.3Pt(ClSr)2.21H20  forms  red  crystals 
having  a  green  reflex  (see  p.  272). 


^  James  and  Pratt,  J.  Atner,  Chem.  Soc.,  1910,  32,  873. 

2  Radominsky,  Compt.  rend.,  1875,  80,  304. 

^  Johnson,  Ber.,  1889,  22,  976;  Wallroth,  Bull.  Soc.  chim,,  1883,  [ii.],  39,  316; 
Duboin,  Compt.  rend.,  1888,  107,  622. 
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Yttrium  thiocyanate,  Y(CNS)3.H20,  and  likewise  the  double  salt, 
Y(CNS)3.3Hg(CN)2.12H20,  are  known  (see  p.  272). 

Yttrium  oxalate,  Y2(C204)3.9H20,  is  obtained  by  double  decomposition 
as  a  white,  crystalline  precipitate.  For  its  properties,  see^p.  273. 

The  only  stable  yttrium  potassium  oxalate  at  25  has  the  formula 
Y2(C204)3.4K2S04.12H20,  and  is  decomposed  by  water.  Fig.  44  shows  the 
solubility  diagram,  as  determined  by  Pratt  and  Jamesd 


Fig.  44. — The  system  Y2(C204)3 — K2C2O4 — H2O  at  25°  C, 
Solubility  diagram. 


Yttrium  ethylsulphate,  Y(02H5.S04)3.9H20,  is  known  (p.  278). 
Yttrium  acetylacetonate,  Y^CHg. CO. 011.00.0113)3. — See  p.  279. 
Other  organic  salts. — The  following  salts  are  known  : — 

Yttrium  formate,'^’  ®  acetate,^’  ®  propionate, isohutyrate,^^  succinate,^-  ®'  ^ 
tartrate,'^'  ®'  glycollate,^’  ®  citrate, lactate,'^''-  cacodylate,^  sebacate,^  malonate,^''^^ 
fumarate,^^  meihylsulphonate^  ethylsulphonate,^  methanedisulphonate,^  methane- 
trisulphonate,^  crotonate,^^  malate,^^  citraconate,^^  benzoate, phenylacetate,^ 
phenoxy acetate,^  salicylate,^  phthalate,^-  benzenesulphonate,^^  m-nitrobenzene- 
sulphonate^^  1:4:  %bromonitrobenzenesulphonate^  campliorsulphonate,^  8- 
hydroxynaphthalene-l-sulphonate  ®  and  pyromucate}^ 

Yttrium  silicate. — By  heating  a  mixture  of  yttria  (3  parts),  silica 
(1  part),  and  calcium  chloride  (30  parts)  for  two  hours  in  a  wind  furnace  and 
extracting  the  mass  with  water,  Duboin  obtained  monoclinic  crystals  of 
yttrium  silicate,  YjOg.SiOg,  which  in  crystalline  form  and  optical  properties 
closely  resembled  the  mineral  gadolinite. 


^  Pratt  and  James,  J.  Amer.  Chein.  Soc.,  1911,  33,  488. 

2  Cleve  and  Hoglund,  Bull.  Soc.  chim.,  1873,  [ii.],  18,  193,  289, 

®  Cleve,  ibid.,  1874,  [ii.],  21,  344. 

*  Benner,  J.  Amer.  Chem.  Soc.,  1911,  33,  50. 

®  Pratt  and  James,  ibid.,  1911,  33,  1330. 

®  Whittemore  and  James,  ibid.,  1913,  35,  127. 

’’  Katz  and  James,  ibid.,  1913,  35,  872. 

®  Erdmann  and  Wirth,  Annalen,  1908,  361,  190. 

®  Jantsch  and  Griinkraut,  Zeitsch.  anorg.  Chem.,  1913,  79,  305. 
Holmberg,  ibid.,  1907,  53,  83. 

”  Tanatar  and  Voljansky,  J.  Buss.  Phys.  Chem.  Soc.,  1910,  42,  686. 
Duboin,  Compt.  rend.,  1888,  107,  99. 

Grant  and  James,  J.  Amer.  Chem.  Soc.,  1916,  37,  2662. 
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ERBIUM. 1 

Symbol,  Er.  Atomio  weight,  1677  (0  =  16). 

Erbium  has  been  found  in  certain  titanium  minerals  ^  and  is  one  of  the 
least  abundant  of  the  rare  earth  elements.®  Erbium  salts  are  pink  or  rose- 
red  in  colour,  have  a  sweet,  astringent  taste,  and  exhibit  characteristic 
absorption  spectra.  Certain  erbium  preparations  have  been  found  to  exhibit 
signs  of  radioactivity.^ 

The  few  known  compounds  of  erbium  have  been  described  mainly  by 
Cleve.® 

Erbium  has  been  described  as  a  dark  grey,  metallic  powder  of  density 
4‘77  at  15°. 6  The  material  was  probably  impure. 

Erbium  sesquioxide,  or  erbia,  ErgOg,  is  a  rose-coloured  powder  of 
density  8  64  and  specific  heat  (between  0°  and  100°)  0‘065.'^  It  does  not 
combine  directly  with  water.  A  hydrated  'peroxide  also  exists. 

Erbium  sulphate,  Er2(S04)3,  is  described  on  p.  260,  together  with  the 
octahydrate,  ErglSO^lg.fegO,  which  forms  monoclinic  crystals.®  The  double 
sulphates,  Er2(S04)3.K2S0^.4H20  and  Er2(S0j3.(NH^)2S0^.8H20,  are  readily 
soluble  in  water. 

Erbium  acid  selenite,  Er2O3.4SeO2.5H2O,  is  known. 

Erbium  tungstate. — See  p.  265. 

Erbium  silicotungstate. — See  p.  266. 

Erbium  nitrate,  Er(N03)3.5H20,  forms  large  red  crystals,  stable  in  air. 

Erbium  platinocyanide,  2Er(CN)g.3Pt(0N)2.21H20,  is  isomorphous 
with  the  yttrium  salt. 

Erbium  oxalate,  Er2(C20^)3.ajH20,  is  a  red,  microcrystalline  powder 
(p.  273).  Hydrates  with  3,  9,  10,  and  14  HgO  have  been  described.® 

Erbium/orwia^e,^®  malonate,'^^  dimethylphosphate^'^  S-h'ydrox'y-naphthalene-l- 
sidphonate,^^  and  1:4:  ^-hromoiiitrohenzenesulphonate  1®  have  also  been  described. 


THULIUM. 

Symbol,  Tm.  Atomio  weight,  c.  168 ‘5  (0  =  16). 

Thulium  is  one  of  the  least  abundant  of  the  rare  earth  elements.  Pure 
thulia  was  isolated  by  James  in  1911,  by  a  method  that  has  been  already 


1  Sometimes  known  as  neo-erbium,  since  the  old  “  erbium ”  contained  ‘‘ytterbium,’ 
holmium,  dysprosium,  and  thulium. 

K.  A.  Hofmann,  Ber.,  1910,  43,  2631. 

®  According  to  Cleve  {vide  infra)  the  greater  part  of  the  “  erbium”  of  Bahr  and  Bunsen 
consisted  of  “ytterbium.” 

^  Strong,  Amer.  Chem,  J.,  1909,  42,  147. 

^  Cleve,  Compt.  rend.,  1880,  91,  381  ;  cf.  Cleve  and  Hoglund,  Bull.  Soc.  chiin.,  1873, 
[ii.],  18,  193,  289  ;  see  also  Hofmann,  loc.  cit,\  Hofmann  and  Burger,  Ber.,  1908,  41,  308  ; 
Hofmann  and  Bugge,  Ber.,  1908,  41,  3783  ;  Hofmann  and  Kirmreuther,  Zeitsch.  physilcal. 
CAem.,  1910,  71,  312. 

®  S.  Meyer,  MonatsK,  1899,  20,  793. 

^  Nilson  and  Pettersson,  Compt.  rend.,  1880,  91,  232  ;  Ber,,  1880,  13,  1459. 

®  Kraus,  Zeitsch.  Kryst.  Min.,  1901,  34,  307. 

®  Cleve,  loo.  cit.  (OHgO)  ;  Hofmann,  Ber.,  1910,  43,  2631  (3H2O  and  lOHgO) ;  Wirth, 
Zeitsch.  anorg.  Chem,,  1912,  76,  174  (llHjO). 

C1gv6  2)0c  c'i/t 

Erdmann  and  Wirth,  Annalen,  1908,  361,  190, 

J®  Morgan  and  James,  J.  Amer.  Chem.  Soc,,  1914,  36,  10. 

**  Katz  and  James,  ibid.,  1913,  35,  872, 
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described  (p.  356),  A  few  compounds  of  thulium  have  been  described.  They 
are  pale  green  in  the  solid  state  and  in  solution.  As  the  amount  of  erbium 
salt  present  as  impurity  increases  from  a  trace  upwards,  the  colour  of  the 
aqueous  solution  becomes  successively  yellowish-green,  yellow,  colourless,  and 
pink.^ 

Thulium  chloride,  TmClg.THgO,  is  extremely  soluble  in  water  and 
alcohol. 

Thulium  bromate,  Tm(Br03)3.9H20,  crystallises  in  pale,  bluish-green, 
hexagonal  prisms. 

Thulium  sesquioxide,  or  thulia,  Tm^Og,  has  a  faint  green  tint. 
When  carefully  made  to  incandesce,  it  emits  a  carmine  glow.  The  oxide 
dissolves  slowly  in  concentrated  acids. 

Thulium  sulphate,  Tm2(SOj3,  and  the  octahydrate,  Tm2(S04)3.8H20, 
have  been  prepared. 

Thulium  nitrate,  Tm(N03)3.4H20,  is  deliquescent  and  very  soluble  in 
water.  It  may  be  crystallised  from  nitric  acid.  In  its  water  content  it 
resembles  “  ytterbium  ”  nitrate. 

Thulium  oxalate,  Tm2(0204)3.6H20,  is  soluble  in  aqueous  alkali  oxalates, 
with  which  it  forms  double  oxalates. 

Thulium  acetylacetonate,  [(CH3.C0)2CH]3Tm.Il20,  has  been  prepared. 
It  is  not  volatile  in  vacuo. 

Thulium  phenoxy acetate,^  cacodylate,^  and  1:4: 2-hromonitrohenzene- 
mlphonate^  have  also  been  described. 


YTTERBIUM. 

Symbol,  Yb.  Atomic  weight,  173 '5®  (0  =  16). 

The  name  ytterbium  it  now  adopted  by  the  International  Committee  on 
Atomic  Weights  to  indicate  the  main  constituent  of  the  old  ‘‘ytterbium” 
discovered  by  Marignac.  Urbain  uses  the  name  neoytterbium,  and  Auer  von 
Welsbach  adopts  aldebaraniuzn.^ 

From  the  data  given  by  Auer  von  Welsbach^  it  appears  that  80  to  90 
—per  cent,  of  the  old  “ytterbium”  consists  of  the  new  ytterbium.  It  may  be 
separated  from  the  accompanying  element  lutecium  (or  cassiopeium)  by 
fractional  crystallisation  of  the .  nitrates,  double  ammonium  oxalates,  or 


1  James,  J.  Amer.  Ohem.  Soc.,  1910,  32,  517  ;  1911,  33,  1332. 

^  James,  J.  Amer.  Chem.  Soc,,  1911,  33,  1332. 

®  Whittemore  and  James,  ibid.,  1913,  35,  127. 

■*  Katz  and  James,  ibid.,  1913,  35,  872. 

®  This  value  is  due  to  Urbain  and  Bliimenfeld,  and  was  obtained  with  material  free  from 
all  but  the  merest  traces  of  thirlium  and  lutecium.  Auer  von  Welsbach  obtained  the  value 
173'0  in  1913.  The  atomic  weight  of  lutecium  exceeds  that  of  the  new  ytterbium.  It  is 
therefore  a  matter  of  surprise  that  the  determinations  of  the  atomic  weight  of  old 
“ytterbium,”  made  by  Nilson  (vicfe  infra)  and  A.  Cleve  {vide  infra),  should  have  given 
the  value  173’1,  unless  the  result  obtained  by  Urbain  and  Blumenfeld  is  too  high.  From 
the  chemical  point  of  view,  however,  the  results  of  the  last-named  chemists  merit  the  most 
confidence. 

®  Auer  von  Welsbach,  Anzeiger  K.  Akad.  Wise.  Wien,  1905,  No.  10;  Annalen,  1907, 
351,  464  ;  Monatsh.,  1906,  27,  935  ;  1908,  29,  181  ;  1909,  30,  695  ;  Sitzungsber.  K.  Akad. 
Wiss.  Wien,  1906,  115,  II.B,  737;  1907,  116,  II.B,  1425  ;  1909,  118,  II. B,  507; 
Urbain,  Compi.  rend.,  1907,  145,  759  ;  1908,  146,  406  ;  Urbain,  Bourion,  and  Maillard,  ibid,, 
1909,  149,  127. 

’  Auer  von  Welsbach,  Monatsh.,  1913,  34,  1713. 
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bromates,^  the  ytterbium  salt  being  in  each  case  less  soluble  than  the  other. 
By  the  nitrate  method,  Urbain  and  Blumenfeld  ^  isolated  eight  successive 
fractions  which  furnished  specimens  of  rare  earth  practically  identical  with 
respect  to  their  magnetic  susceptibilities  and  arc  spectra.  According  to  these 
experimenters,  Auer  von  Welsbach’s  aldebaranium  contains  some  thulium. 

Ytterbia,  or  neoytterbia,  YbgOg,  is  a  colourless  oxide  the  magnetic 
susceptibility  of  which  is  33  6  x  10~®  c.g.s.  units  per  unit  mass.  Its  salts 
with  colourless  acids  exhibit  no  selective  absorption.  The  sulphate  forms 
an  octahydrate,  Yb2(S04)3.8H20. 

The  salts  of  old  “  ytterbium  ”  have  been  examined  in  detail  by  Astrid 
Cleve,  but  will  not  be  described  here.® 


LUTECIUM. 

Symbol,  Lu.  Atomic  weight,  175'0^  (0  =  16), 

The  name  lutecium  is  adopted  by  the  International  Committee  on 
Atomic  Weights  to  indicate  the  constituent  of  old  “ytterbium”  that  has 
a  higher  atomic  weight  and  is  less  abundant  than  the  new  ytterbium. 
The  name  lutecium  is  due  to  Urbain;  Auer  von  Welsbach  adopts  the  name 
cassiopeium. 

Pure  lutecia  has  perhaps  been  isolated  by  Auer  von  Welsbach  (1913).  It 
is  a  colourless  oxide,  much  less  paramagnetic  than  ytterbia.®  Its  salts 
with  colourless  acids  are  themselves  colourless  and  exhibit  no  selective 
absorption.  The  anhydrous  chloride  is  more  volatile  than  ytterbium  chloride. 
The  sulphate  forms  an  octahydrate,  Lu2(S0j3.8H20.® 


CELTIUM. 

Symbol,  Ct.  Atomic  weight,  (1). 

In  endeavouring  to  isolate  lutecium  from  a  large  quantity  of  the  mineral 
gadolinite,  Urbain  obtained  a  final  noncrystallisable  mother  liquor  in  the 
course  of  fractionating  the  mixed  nitrates  of  ytterbium  and  lutecium.  From 
this  liquor  he  isolated  the  rare  earth  present  and  purified  it  from  all  but 
lutecium  and  negligible  traces  of  scandium,  calcium,  and  magnesium. 

The  earth  was  quite  white.  Its  magnetic  susceptibility  was  only  one- 
fourth  that  of  nearly  pure  lutecia  obtained  from  xenotime,  and  its  arc 


^  See  Chapter  XI. 

^  Urbain  and  Blumenfeld,  Compt.  rend.,  1914,  159,  323. 

®  Astrid  Cleve,  Zeitsch.  anorg.  Chem.,  1902,  32,  129  ;  Chem.  News,  1902,  86,  248  ;  see 
also  Marignac,  Arch.  Sci.  phys.  nat.,  1878,  64,  97  ;  Compt.  rend.,  1878,  87,  578  ;  Nilson, 
ibid.,  1879,  88,  642  ;  1880,  91,  56,  118 ;  Ber.,  1879,  12,  551 ;  1880,  13,  1430,  1439 ;  Matig- 
non,  Ann.  Chim.  Phys.,  1906,  [viii.],  8,  440  ;  Bourion,  ibid.,  1910,  [viii.],  20,  547  ;  21,  49  ; 
Compt.  rend.,  1907,  145,  243;  Katz  and  James,  J.  Amer.  Chem.  Soc.,  1913,  35,  872  ; 
Morgan  and  James,  ibid.,  1914,  36,  10  ;  Jaeger,  Proc.  K.  Akad.  Wetensch.  Amsterdam,  1914, 
16,  1095. 

^  Auer  von  Welsbach’s  value  (1913)  for  cassiopeium. 

®  Neoytterbia  is  four  to  five  times  as  paramagnetic  as  lutecia  (Urbain,  Compt.  rend., 

1908,  146,  406  ;  S.  Meyer,  Monatsh.,  1908,  29,  1017). 

®  Auer  von  Welsbach,  Anzeiger  K.  Akad.  Wiss.  Wien,  1905,  No.  10;  Annalen,  1907, 
351,  464;  Monatsh.,  1906,  27,  935;  1908,  29,  181;  1909,  30,  695  ;  1913,  34,  1713; 
Urbain,  Compt.  rend.,  1907,  145,  759 ;  1908,  146,  406  ;  Urbain,  Bourion,  andMaillard,  ibid., 

1909,  149,  127 ;  Urbain  and  Blumenfeld,  ibid.,  1914,  I59>  323  ;  Bourion,  Ann.  Chim.  Phys., 

1910,  [viii.],  20,  547  ;  2i,  49. 
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spectrum  showed,  besides  the  lines  of  lutecium,  a  number  of  new  lines, 
several  of  which  were  very  intense  (see  p.  307). 

It  thus  appears  extremely  probable  that  gadolinite  contains  a  new  rare 
earth  element  that  is  not  present  in  xenotime.  To  this  element,  defined  by 
the  arc  spectrum  given  on  p.  307,  Urbain  has  given  the  name  celtium. 

Anhydrous  celtium  chloride  is  more  volatile  than  lutecium  chloride,  but 
less  so  than  scandium  chloride.  Celtium  hydroxide  is  a  weaker  base  than 
lutecium  hydroxide,  but  is  stronger  than  the  hydroxide  of  scandium.  In 
other  respects  celtium  is  also  intermediate  between  lutecium  and  scandium.^ 


^  Urbain,  Compt.  rend.,  1911,  152,  141. 


CHAPTER  XV. 


ACTINIUM  AND  ITS  DISINTEGRATION  PRODUCTS.^ 

Occurrence. — Actinium  is  a  constant  constituent  of  uranium  minerals. 
According  to  Boltwood,^  in  uranium  minerals  in  which  radioactive  equilibrium 
has  been  established  the  total  a-ray  ionisation  due  to  the  uranium-radium 
series  of  products  is  4-36  times  as  great  as  that  due  to  the  uranium  itself, 
whilst  there  is  an  additional  activity,  equal  to  0’28  times  that  of  the  uranium, 
due  to  actinium  and  its  products.  It  follows  that  actinium  is  very  scarce 
even  in  comparison  with  radium.^ 

History. — In  1899,  shortly  after  the  discovery  of  radium  and  polonium 
in  pitchblende,  Debierne  discovered  a  third  radioactive  element  in  the  same 
mineral.  In  1900  he  named  this  element  actinium.^  Debierne  found  that 
in  working  up  pitchblende  residues,  the  actinium,  which  was  not  precipitated 
by  hydrogen  sulphide  in  acid  solution,  separated  with  iron  and  the  rare  earth 
elements  in  the  ammonia  precipitate,  and  his  final  actinium  preparations 
consisted  mainly  of  thorium.  For  several  years  no  more  work  on  actinium 
was  published  by  Debierne,  and  meanwhile  Giesel  ®  announced  the  discovery 
in  pitchblende  of  a  new  radioactive  element  emanium,  characterised  by  the 
fact  that  it  gav-e  rise  to  an  emanation  which  rapidly  decayed.  Giesel  obtained 
the  new  element  free  from  thorium,  but  mixed  with  the  cerium  group  of  rare 
earth  elements.  In  1903  and  1904  Debierne®  gave  further  details  conceiming 
actinium,  described  the  emanation  to  which  it  gave  rise,  and  declared  that 
emanium  and  actinium  were  identical.  This  identity,  at  first  disputed,’'  was 
confirmed  by  Hahn  and  Sackur®  in  1906.  With  the  subsequent  discovery 
of  the  radio-element  ionium,  it  was  seen  that  both  Debierne’s  and  Giesel’s 
actinium  preparations  must  have  been  contaminated  with  that  element.® 

Preparation.  —  The  element  actinium  has  not  been  isolated ;  neither 
have  actinium  salts  been  obtained  in  anything  approaching  a  pure  state. 


^  For  further  information,  see  Rutherford,  Radioactive  Substances  and  their  Radiations 
(Cambridge  University  Press,  1912) ;  Soddy,  The  Chemistry  of  the  Radio-eleme7its  {'Longraa.ns, 
&  Go.,  pt.  i. ,  2nd  ed.,  1914;  pt.  ii,  1914);  and  the  sections  on  Radioactivity  in  the 
Chemical  Society’s  Annual  Reports  from  1904  onwards. 

2  Boltwood,  Amer.  J.  Sci.,  1908,  [iv.],  25,  269. 

®  On  the  occurrence  of  actinium  products  in  the  atmosphere,  see  Kurz,  Abh.  K.  Akad. 
JViss.  Munchen,  1909,  25,  5. 

*  Debierne,  Compt.  rend,,  1899,  129,  598  ;  1900,  13O,  906- 
®  Giesel,  Ber.,  1902,  35,  3608  ;  1903,  36,  342  ;  1904,  37,  1696. 

®  Debierne,  Compt.  rend.,  1903,  136,  446,  671  ;  1904,  138,  411  ;  139,  538. 

7  Giesel,  Ber.,  1904,  37,  3963  ;  1905,  38,  775  ;  W.  Marckwald,  Ber.,  1905,  38,  2264  ; 
t/.  Debierne,  Physikal.  Zeitsch.,  1906,  7,  14. 

®  Hahn  and  Sackur,  Ber.,  1905,  38,  1943. 

®  Boltwood,  Amer.  J.  Sci.,  1908,  [iv.],  25,  365. 
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Actinium  preparations  consist  for  the  most  part  of  compounds  of  the  rare 
earth  elements  containing  unweighable  amounts  of  actinium.  Since,  more¬ 
over,  the  reactions  of  actinium  are  not  very  well  known,  strongly  active 
actinium  preparations  are  ditficult  to  prepare  and  in  consequence  are  extremely 
expensive.  Their  preparation  from  pitchblende,  carnotite,  and  the  complex 
Olary  ores  (S.  Australia)  may  be  indicated.^ 

(i.)  In  working  pitchblende‘s  for  uranium  and  radioactive  preparations, 
it  has  usually  been  the  custom  to  roast  the  crushed  ore  with  sodium  carbonate 
and  then  to  extract  the  mass  first  with  water  and  then  with  dilute  sulphuric 
acid.  The  insoluble  residue  consists  of  silica  and  the  sulphates  of  lead, 
bismuth,  calcium,  barium,  rare  earth  elements,  etc.  It  is  heated  with  a 
boiling  solution  of  caustic  soda,  washed  and  treated  with  hydrochloric  acid. 
The  radium  is  then  found  in  the  insoluble  residue  and  the  polonium  and 
actinium  in  the  solution,  (ii.)  Numerous  processes  have  been  devised  for 
working  up  the  mineral  carnotite  for  uranium  and  vanadium.  These  have 
been  examined  by  Plum  ®  to  see  which  are  suitable  for  extracting  also  the 
radio-elements  it  contains.  Working  with  the  concentrates  from  a  Colorado 
carnotite  (U  =  4'27,  V  =  5-5  per  cent.)  he  finally  preferred  to  mix  ten  parts  of 
carnotite  with  four  parts  of  anhydrous  sodium  carbonate  and  twenty  parts 
of  water,  heat  to  boiling  for  several  hours,  stirring  frequently  and  adding 
more  water  as  the  mass  thickened,  and  then  while  hot  to  filter  under  suction, 
wash  the  residue  with  hot  water  and  boil  it  for  eight  hours  with  about  five 
and  a  half  parts  by  weight  of  concentrated  hydrochloric  acid  diluted  with 
ten  parts  of  water.  The  filtered  solution  contains  the  greater  part  of  the 
radium,  polonium,  and  actinium  present  in  the  carnotite.  (iii.)  The  Olary 
uranium  ore^  occurs  in  a  lode  formation  of  magnetic  titaniferous  iron, 
magnetite,  and  quartz,  in  association  with  biotite.  The  ore  is  crushed  and 
then  concentrated  magnetically.  The  concentrates  amount  to  30  per  cent, 
of  the  ore  and  have  the  following  composition : — 

CaO.  PbO.  FeaOg.  FeO.  MnO.  Th02,  €6203,  (La,  Di,  ¥>203.  CrgOa.  ITaOs.  V2O5.  Ti02.  Si02. 

0-55  0T6  17-4  16-9  trace  3-27  0-85  l  e  0-86  45-85  12-70 

It  is  only  necessary  to  decompose  about  half  the  ore,  by  fusion  with  sodium 
hydrogen  sulphate  (salt  cake),  to  secure  a  practically  complete  yield  of  the 
radioactive  contents.  The  fused  product  is  crushed,  agitated  with  water, 
and  the  finely  divided  silica  and  lead,  barium  and  radium  sulphates  separated 
from  the  coarser,  unchanged  ore  by  elutriation.  The  turbid  liquid  is  allowed 
to  stand  and  the  “slime”  of  crude  sulphates  and  silica  separated  from  the 
clear  liquid,  which  is  treated  for  uranium.  The  uranium  liquor  contains  part 


^  In  consequence  of  the  rayless  nature  of  the  initial  change  of  actinium,  it  often  happens 
that  actinium  preparations  when  separated  from  minerals  are  scarcely  radioactive ;  their 
activity  and  emanating  power,  however,  increase  enormously  during  the  next  few  months. 
It  is  thus  easy  to  overlook  the  presence  of  actinium  ;  hence,  in  seeking  to  obtain  actinium 
preparations  no  material  should  ever  be  thrown  away  in  a  hurry. 

2  Debierne,  Gompt.  rend.,  1899,  129,  693  ;  1900,  130,  906  ;  Mme.  Curie,  Thesis  (Paris, 
1903),  or  translation  in  Chem.  News,  1903,  88  ;  Haitinger  and  Ulrich,  Sitzungsber.  K.  Akad. 
JViss.  Wien,  1908,  1 17,  ii.  ct,  619;  Monatsh.,  1908,  29,  485  ;  Auer  von  Welsbach,  Sitzungs¬ 
ber.  K.  Akad.  Wiss.  Wien,  1910,  119,  ii.  a,  1  ;  Monatsh.,  1910,  31,  1159;  Zeitsch.  anorg. 
Chem.,  1911,  69,  363  ;  J.  Soc.  Chem.  Ind.,  1911,  30,  536  ;  Boltwood,  Proc.  Roy.  Soc.,  1911, 
A,  85,  77  ;  Le  Radium,  1911,  8,  104. 

®  Plum,  J.  Amer.  Chem.  Soc.,  1915,  37,  1797. 

*  Radclilf,  J.  Roy.  Soc.  New  South  Wales,  1913,  47,  145  ;  1914,  48,  408  ;  Mining  Sci., 
1914,  69,  37  ;  J.  Soc.  Chem.  Ind.,  1914,  33,  229  ;  Chem.  News,  1915,  in,  59. 
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of  the  rare  earths  originally  present  in  the  ore,  but  practically  none  of  the 
actinium,  which  is  found,  along  with  the  remainder  of  the  rare  earths,  in 
the  “slime.” 

It  will  be  seen  that  pitchblende  residues  and  Olary  ore  “slimes”  are 
somewhat  similar  in  composition.  RadclifF  originally  worked  up  the  latter 
in  the  following  manner.  The  “slimes”  are  treated  with  sulphuric  acid, 
filtered,  and  boiled  with  excess  of  an  aqueous  solution  of  sodium  carbonate. 
Insoluble  sulphates  are  converted  into  carbonates  and  much  silica  is  dissolved. 
The  washed  carbonates  are  dissolved  in  hydrochloric  acid  and  the  sulphates 
again  precipitated.  The  crude  sulphates  thus  obtained  are  fused  with  sodium 
carbonate  in  graphite  pots  and  the  product  digested  with  hot  water.  The 
insoluble  residue,  after  picking  out  the  metallic  lead,  is  dissolved  in  hydro¬ 
chloric  acid  and  the  solution  evaporated  to  dryness  to  dehydrate  the  silica. 
The  chlorides  are  dissolved  in  dilute  hydrochloric  acid,  filtered  to  remove  silica, 
and  the  solution  is  then  saturated  with  hydrogen  chloride.  Barium  and 
radium  chlorides  are  quantitatively  precipitated,  nearly  free  from  other 
elements,  whilst  the  actinium  remains  in  solution  with  the  rare  earths.  This 
method  has  subsequently  been  modified  as  follows.  The  crude  mixture  of 
sulphates  is  fused  in  an  iron  crucible  with  excess  of  caustic  soda  and  a  little 
sodium  carbonate.  The  melt  is  repeatedly  extracted  with  hot  water,  whereby 
most  of  the  lead  is  dissolved,  and  the  insoluble  residue  is  digested  with  sodium 
carbonate  solution  under  a  pressure  of  90  lbs.  per  square  inch.  The  carbonate 
residue  is  washed,  converted  into  chlorides,  freed  from  silica,  and  the  barium 
and  radium  separated  as  before.^ 

Properties. — Little  is  known  of  the  chemical  properties  of  actinium. 
It  has  been  known  since  its  discovery  that  actinium  resembles  the  rare  earth 
elements.  Debierne  was  in  error,  however,  in  regarding  it  as  analogous  to 
thorium ; "  it  is  most  similar  in  properties  to  the  tervalent  rare  earth 
elements  of  the  cerium  group,^  particularly  lanthanum.  When  these 
actiniferous  rare  earth  elements  are  fractionated  as  the  double  magnesium 
niti’ates  the  actinium  concentrates  in  the  neodymium  and  samarium 
fractions.^ 

Actinium  is  not  precipitated  by  hydrogen  sulphide  in  dilute  acid  solution 
(separation  from  polonium  and  radio-lead),  but  is  precipitated  as  hydroxide 
by  ammonia  (separation  from  radium).  This  precipitation,  however,  is  very 
uncertain,  and  in  the  presence  of  considerable  quantities  of  ammonium  salts 
is  by  no  means  complete.®  Plum,®  who  studied  the  precipitation  of  actinium 
by  ammonia  in  the  presence  of  a  little  aluminium  salt,  found  it  impossible  to 
separate  all  the  actinium  from  radiferous  and  actiniferous  barium  chloride  in 

^  According  to  RadclifF  {loc.  eit. ),  ten  tons  of  Olary  ore  concentrates  yield  only  forty  kilo¬ 
grams  of  crude  sulphates  of  the  following  composition  : — 

PbS04.  BaS04.  Fe.203.  Si02.  Ti02.  Bare  Earths. 

69-2  12-5  2-2  ID'S  S'O  S'O  per  cent, 

2  Debierne,  Compt.  rend.,  1899,  129,  .593  ;  1900,  130,  906. 

3  See  Giesel,  A«r.,  1907,  40,  3011  ;  Stromholm  and  Svedberg,  Zeitsch.  anorg.  Cheni., 
1909,  63,  197. 

‘‘  Debierne,  Compt,  rend.,  1904,  139,  538. 

®  Levin,  Phil.  Mag.,  1906,  [vi.],  12,  177  ;  Physikal.  Zeitsch.,  1907,  8, 129  ;  Hahn,  Phil. 
Mag.,  1906,  [vi.],  12,  244;  1907,  [vi.],  13,  165;  Boltwood,  Amer.  J.  Sci.,  1908,  [iv.], 
25,  292  ;  Proc.  Boy.  Soc.,  1911,  A,  85,  77  ;  Auer  von  Welsbach,  loc.  cit.  To  remove 
ammonium  salts,  evaporate  to  dryness  and  heat  the  residue  with  boiling  nitric  acid  or  aqua 
regia  ;  then  remove  excess  of  acid  by  evaporation. 

®  Plum,  J.  Amer.  Ghem.  Soc.,  1915,  37,  1797. 
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one  operation.  Actinium  is  not  precipitated  from  its  chloride  solution  by 
boiling  with  sodium  thiosulphate,  nor  from  its  nitrate  solution  by  the  addition 
of  hydrogen  peroxide  (separation  from  thorium  and  ionmm).  It  is  pre¬ 
cipitated  as  oxalate  by  oxalic  acid  or  ammonium  oxalate ;  in  this  precipitation 
the  concentration  of  free  mineral  acid  should  he  reduced  to  a  minimum,  since 
actinium  oxalate,  like  lanthanum  oxalate,  is  decidedly  soluble  in  mineral 
acids.  The  fluoride  of  actinium,  like  the  fluorides  of  the  rare  earth  elements, 
is  insoluble  in  water  and  aqueous  hydrofluoric  acid  (separation  from  zirconium 
and  titanium).  When  a  little  barium  salt  is  added  to  an  actinium  solution 
and  the  barium  precipitated  as  sulphate,  the  precipitate  adsorbs  the  actinium. 
This  property,  observed  by  Debierne,  is  utilised  in  separating  actinium  from 
pitchblende  and  Olary  ore.  Actinium  is  readily  separated  with  manganese 
when  that  element  is  precipitated  from  basic  solutions  as  a  manganite.^ 
Auer  von  Welsbach  describes  actinium  as  being  intermediate  in  chemical 
properties  between  lanthanum  and  calcium. 

Actinium  is  an  unstable  element,  and,  like  thorium  and  uranium,  it  is 
constantly  breaking  down  at  a  slow  but  definite  rate,  and  so  giving  rise  to  a 
series  of  radioactive  disintegration  products.  When  in  equilibrium  with  these 
products,  a-,  and  y-rays  are  emitted  by  actinium  preparations.  The  a-rays 
are  very  powerful;  preparations  100,000  times  as  active  as  uranium  oxide 
have  been  obtained.  The  /3-rays  have  a  relatively  small  penetrating  power, 
and  the  y-rays  are  feeble  both  in  activity  and  in  penetrating  power.  The 
most  striking  feature  of  an  actinium  preparation  is  its  emanating  power 
(p.  449).  In  the  course  of  the  radioactive  transformations  occurring  in 
actinium  preparations  helium  is  evolved,  and  aqueous  solutions  of  the  pre¬ 
parations  slowly  evolve  hydrogen  and  oxygen.* * 

The  Disintegeation  Products  op  Actinium. 

History. — It  was  early  known  that  actinium  produced  a  rapidly  decaying 
emanation,  which  gave  rise  to  radioactive  deposits  upon  surrounding 
objects.  The  modern  theory  of  the  atomic  disintegration  of  radioactive 
elements  was  put  forward  in  1903.  In  terms  of  this  theory,  Rutherford,  in 
the  Bakerian  Lecture  for  1904,  gave  the  actinium  series  as  follows  : — ^ 

a  a  a 

/r  /! 

Element  .  .  Ac  AcX(l)  ->  AcEm  AcA  ->  AcB  AcC(end) 

Half-period . 3'7secs.  41  mins.  l’5mins. 

The  existence  of  actinium-X  was  assumed  by  analogy  with  the  uranium 
and  thorium  series.  The  assumption  that  the  emanation  gave  rise  to  an 
active  deposit,  actinium-A,  which  was  transformed  into  another  element, 
actinium-B,  and  that  this  in  turn  was  transformed  into  a  non-radioactive 
and  stable  element,  actinium-C,  was  based  upon  Miss  Brooks’  study  of  the 
actinium  active  deposit.'* 

With  the  publication  of  the  disintegration  theory,  the  view  arose  that 
the  a-particles  emitted  in  radioactive  changes  are  charged  atoms  of  helium. 
Although  this  view  was  not  definitely  established  until  1908,  its  probability 


^  Auer  von  Welsbach,  loa.  cit. 

-  Debierne,  Com-pt.  rend.,  1905,  141,  383  ;  Ann.  Ghim.,  1914,  [ix.],  2,  97,  428. 
®  Rutherford,  Phil.  Trans.,  1905,  A,  204,  169. 

*  Miss  Brooks,  Phil,  Mag.,  1904,  [vi.],  8,  373. 
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was  quickly  recognised  when  in  1903  Ramsay  and  Soddy  demonstrated  the  con¬ 
tinuous  production  of  helium  from  radium.  The  growth  of  helium  from  actinium 
was  observed  by  Debierne^  in  1905  and  confirmed  by  GieseP  in  1907. 

In  1905  Godlewski®  and  Giesel^  independently  discovered  the  missing 
element  actinium-X  (half-period  =  10'2  days).  Godlewski’s  results  indicated 
that  the  change  from  actinium  to  actinium-X  is  a  rayless  one.  In  the 
following  year,  however,  Hahn  ®  discovered  that  the  rayless  change  is  from 
actinium  to  a  new  element  radioactinium  (half-period  =  19-5  days),  which 
expels  a-rays  and  passes  into  actinium-X. 

In  1908  Hahn  and  Meitner®  discovered  that  the  transformations  of  the 
active  deposit  produced  by  the  decay  of  actinium  emanation  are  more 
complex  than  had  been  hitherto  supposed.  Their  views  on  the  degradation 
of  the  deposit  may  be  thus  summarised  ; — 

S  a  0 

/ 

Element  .  .  .  AcA  AcB  AcC  AcD(end) 

Half-period  .  .  .36  mins.  2T5  mins.  5T  mins. 

The  active  deposit,  howevey,  has  proved  to  be  still  more  complex,  for  in 
the  same  year  Bronson  discovered  that  the  emanation  produces  in  its  decay 
twice  as  many  a-particles  as  does  the  active  deposit  it  produces.  In  accord¬ 
ance  with  the  preceding  scheme  for  the  degradation  of  actinium-A,  this 
means  that  each  atom  of  emanation  evolves  two  a-particles  in  its  decom¬ 
position.  This  fact  was  confirmed  by  Geiger  and  Marsden®in  1910.  The 
explanation  was  supplied  by  Geiger®  in  1911.  The  emanation  breaks  down 
with  the  loss  of  one  a-particle  per  atom  decomposed  into  a  new  solid  element 
which  decays  with  extraordinary  rapidity,  also  losing  one  a-particle  per  atom 
decomposing,  and  becoming  transformed  into  the  element  previously  known 
as  actinium-A.  Geiger  determined  the  half-period  of  the  new  element  to 
be  only  0  002  second,  and  Moseley  and  Fajans,^®  who  developed  a  highly 
accurate  method  for  measuring  such  a  short  period,  obtained  exactly  the 
same  result.  The  new  element  was  called  actinium- A,  the  elements 
previously  known  as  actinium-A,  B,  0,  and  D  respectively  being  renamed 
actinium-B,  C,  D,  and  E. 

The  foregoing,  however,  does  not  completely  describe  the  transformations 
of  the  active  deposit.  In  1909  Mile.  Blanquies^^  concluded  that  actinium-C 
(then  called  AcB)  gave  rise  to  two  kinds  of  a-rays.  Her  experimental  results 
have  not  been  confirmed,^®  but  the  experiments  of  Marsden  and  others  leave 
little  doubt  that  actinium-C  is  complex.  The  a-rays  it  emits  have  been  found 


1  Debierne,  Compt.  rend.,  1905,  141,  383.  For  full  experimental  details,  see  Debierne, 
Ann.  Phys.,  1914,  fix.],  2,  428. 

Giesel,  Per.,  1907,  40,  3011. 

3  Godlewski,  Phil.  Mag.,  1905,  [vi.],  10,  35,  375  ;  Bull.  Acad.  Sci.  Cracow,  1905,  p.  265. 
*  Giesel,  Jahrh.  Radioalctiv.  Elektronik,  1904,  i.  358. 

®  0.  Hahn,  Ber.,  1906,  39,  1605  ;  Phil.  Mag.,  1906,  [vi.],  12,  244  ;  1907,  [vi.],  13,  165  ; 
cf.  Levin,  ihid.,  1906,  [vi.],  12,  177. 

®  Hahn  and  Meitner,  Physikal.  Zeitsch.,  1908,  9,  649,  697 ;  Hahn,  ibid.,  1909,  lO,  81. 

Bronson,  Phil.  Mag.,  1908,  [vi.],  16,  291. 

®  Geiger  and  Marsden,  Physikal.  Zeitsch.,  1910,  ii,  7. 

®  Geiger,  Phil.  Mag.,  1911,  [vi.],  22,  201. 

Moseley  and  Fajans,  ibid.,  1911,  [vi.],  22,  629. 

Mile.  Blanquies,  Compt.  rend.,  1909,  148,  1753;  1910,  151,  57  ;  Le  Radium,  1009, 
6,  230  ;  1910,  7,  159. 

See,  e.g.,  Moseley  and  Fajans,  loc.  cit.  ;  Varder  and  Marsden,  vide  infra. 
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to  be  of  two  kinds,  their  ranges  in  air  being  5‘4  and  6’45  cms. the  latter  only 
arise  from  0-15  to  0-20  per  cent,  of  the  atoms  undergoing  change.^  The  ex¬ 
planation  is  as  follows  : — Actinium-C  breaks  down  in  two  different  ways,  in  one 
of  which  an  a-particle  of  range  5 '4  cms.  is  evolved  and  actinium-D  produced, 
while  in  the  other  and  slower  method  a  ^-particle  is  evolved  and  a  new  element, 
actinium-C^  is  produced.  The  relative  amounts  of  AcD  and  AcO'  produced 
are  as  99-83  is  to  0-17,  and  the  new  element  decays  at  almost  exactly  the  same 
rate  as  actinium- A,  with  the  emission  of  a-rays  of  range  6-45  eras. 

In  1912  Chadwick  and  Russell^  announced  the  existence  of  an  element 
intermediate  between  radioactinium  and  actinium-X.  This  was  denied  by 
Hahn  and  Meitner,®  and  subsequently  Chadwick  and  Russell^  withdrew 
their  claim.  The  actinium  series,  as  it  is  at  present  known,  is  accordingly 
as  indicated  in  the  following  scheme,  in  which  the  nature  of  the  radiation 
from  each  product  is  also  shown  : — 


a,  j8, 7  a  a  a  $,y 

^  ^  ^  ?;3 

Ac  KaAc  AcX  AcEm  AcA  AcB  AcC 

a 


AcC'->end(?) 


AcD-»end(?) 


The  a-,  /3-,  and  y-radiations. — Actinium,  when  carefully  freed  from  its 
products,  is  found  to  emit  no  detectable  and  y-rays,  and  to  emit  a-rays 
to  so  slight  an  extent  that  the  phenomenon  is  presumably  due  to  traces  of 
its  products.  In  other  words,  the  change  from  actinium  to  radioactinium 
is  a  rayless  one.®  Six  actinium  products,  viz.  radioactinium,  actinium-X, 
actinium  emanation,  actinium-A,  actinium-C,  and  actinium-C',  decay  with 
the  emission  of  a-rays,  one  a-particle  being  expelled  per  atom  decomposed. 
The  ranges  (in  cms.)  of  these  a-rays  in  air  at  N.T.P.  are  given  as  follows  by 
various  experimenters : —  ® 


RaAc. 

AcX. 

AcEm. 

AcA. 

AcC. 

AcC'. 

Geiger  and  Nuttall’ 

4-36 

4-17 

5-40 

6-16 

5-12 

Meyer,  Hess,  and  Paneth  ® 

4  0  and  4  37 

4-04 

5-28 

5-94 

4-88 

Varder  and  Marsden® 

5-12 

6-il 

M ‘Coy  and  Leman’® 

4-17 

... 

... 

... 

... 

... 

1  Marsden  and  Wilson,  Nature,  1913,  92,  29  ;  Marsden  and  Perkins,  Phil.  Mag.,  1914, 
[vi.],  27,  690  ;  Varder  and  Marsden,  ibid.,  1914,  [vi.],  28,  818. 

2  Chadwick  and  Russell,  Nature,  1912,  90,  463. 

®  Hahn  and  Meitner,  Physikal.  Zeitsch.,  1913,  14,  752. 

^  Russell  and  Chadwick,  Phil.  Mag.,  1914,  [vi.],  27,  112. 

®  Hahn,  Ber.,  1906,  39,  1605;  Phil.  Mag.,  1907,  [vi.],  13,  165;  Levin,  ibid.,  1906, 
[vi.],  12,  177  ;  Hahn  and  Rothenbach,  Physikal.  Zeitsch.,  1913,  14,  409.  According  to 
S.  Meyer,  Hess,  and  Paneth  {glide  infra),  however,  actinium  emits  o-rays  of  range  3-38  cms. 
in  air  at  N.T.P. 

®  The  range  in  air  is  directly  proportional  to  the  absolute  temperature  and  inversely 
proportional  to  the  pressure. 

’  Geiger  and  Nuttall,  Phil.  Mag.,  1912,  [vi.],  24,  647. 

*  S.  Meyer,  Hess,  and  Paneth,  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1914, 123,  ii.  a,  1459. 

®  Varder  and  Marsden,  Phil.  Mag.,  1914,  [vi.],  28,  818. 

M'Coy  and  Leman,  Phys.  Review,  1914  [ii.],  4,  409, 


ACTINIUM  AND  ITS  DISINTEGRATION  PRODUCTS. 


447 


Three  members  of  the  series,  viz.  radioactinium,  actinium-B,  and 
actinium-D,  emit  /3-rays.  The  nature  of  these  rays  has  been  studied  by 
various  physicists  ;  ^  those  emitted  by  radioactinium  and  actinium-B  have  very 
little  penetrating  power.  Associated  with  the  y8-rays  are  y-rayS-  Radio¬ 
actinium  and  actinium-D  emit  very  penetrating  y-rays,  and  actinium-B  likewise 
emits  fairly  powerful  y-rays.  Radioactinium  and  actinium-B  also  emit  fairly 
weak  y-rays,  while  in  addition  to  this  actinium-B  emits  very  feeble  y-rays.^ 

It  will  be  observed  that  radioactinium  emits  both  a-  and  y8-rays.  Only 
one  other  radio-element  is  known  to  do  this,  viz.  radium. 

Rates  of  Decay. — The  various  members  of  the  actinium  series  differ 
greatly  in  stability,  the  half-periods  varying  from  years  with  actinium  itself 
to  18'88  days  in  the  case  of  radioactinium,  and  to  0'002  second  in  the  case 
of  actinium-A.  The  precise  rate  of  change  of  actinium  itself  is  unknown. 
According  to  Soddy,  however,  its  period  of  average  life  probably  does  not 
exceed  a  hundred  years,  and  Mme.  Curie  ^  has  made  observations  which  point 
to  a  period  of  only  thirty  years.  It  should  therefore  be  possible  to  observe 
the  growth  of  actinium.  The  fact  that  this  has  never  been  done  suggests 
the  existence  of  an  intermediate  long-lived  product  between  actinium  and 
radioactinium.  The  matter,  however,  is  still  obscure. 

The  radioactive  constant  (A),  half-period  (T),  and  period  of  average  life  (P) 
of  each  of  the  members  of  the  actinium  series  are  given  in  the  following 
table  ( P  =  1/A  =  1  AdST) 


Element. 

Msec.)" 

T. 

P. 

Element. 

Msec.) 

T. 

P. 

Radioaotinlum  4 
Actinlum-XB  . 
Emanation  ® 
Actinium-A  7  . 

4-26x10-’ 

7-07x10-’ 

1-77x10-* 

346 

18-88  days 
11-35  days 

3 -920  secs. 
0-002  sec. 

27-24  days 
16-38  days 
5-666  secs. 
0-003  sec. 

Actinium-B  8  . 
Actinium-C  s  . 
Actinium-D  10  . 

3-21x10-^ 

6-38x10-^ 

2-46x10“® 

36-0  mins. 
2-15mins, 
4-71  mins. 

51-9  mins. 
3-1  mins. 
6-80  mins. 

In  the  uranium  and  thorium  series  the  following  empirical  relationship 
has  been  discovered :  the  longer  the  period  of  the  element  the  shorter  the 


^  See  Hahn  and  MMtner,  Physikal.  Zeitsch.,  1908,  9,  649,  697  ;  0.  von  Baeyer,  Hahn, 
and  Meitner,  ibid.,  1913,  14,  321;  cf.  Godlewski,  Phil.  Mag.,  1905,  [vi.],  lo,  35,  375  ; 
Levin,  ibid.,  1906,  [vi.],  12,  177. 

^  See  Rutherford  and  Ilichardson,  PMl.  Mag.,  1918,  [vi.],  26,  937  ;  F.  and  W.  M. 
Soddy  and  Russell,  ibid.,  1910,  [vi.],  19,  725  ;  Russell  and  F.  Soddy,  ibid.,  1911,  [vi.], 

21,  130  ;  Russell  and  Chadwick,  ibid.,  1914,  [vi.],  27,  112. 

®  Mme.  Curie,  Le  Radium,  1911,  8,  353. 

*  M'Coy  and  Leman,  Phys.  Review,  1914,  [ii.],  4,  409  ;  cf.  Hahn,  PMl.  Mag.,  1907, 
[vi. ],  13,  165  ;  Hahn  and  Rothenbach,  Physikal.  Zeitsch.,  1913,  14,  409. 

®  M‘Ooy  and  Leman,  Physikal.  Zeitsch.,  1913,  14,  1280,  and  loc.  cit.  ;  cf.  Godlewski, 
Phil.  Mag.,  1905,  [vi.],  10,  35;  Geisel,  Per.,  1907,  40,  3011;  Hahn  and  Rothenbach, 
loc  C%tf 

®  P.  B  Perkins,  Phil.  Mag.,  1914,  [vi.],  27,  720  ;  cf.  Debierne,  Comyt.  rend.,  1904,  138, 
411  ;  Hahn  and  Sackur,  Ber.,  1905,  38,  1943  ;  Miss  M.  Leslie,  Phil.  Mag.,  1912,  [vi.], 
24,  637. 

Moseley  and  Fajans,  Phil.  Mag.,  1911,  [vi.],  22,  629;  Geiger,  ibid.,  1911,  [vi.], 

22,  201. 

*  Hahn  and  Meitner,  Physikal.  Zeitsch.,  1908,  9,  649;  cf.  Miss  Brooks,  Phil.  Mag., 
1904,  [vi.],  8,  373  ;  Hess,  Sitzungsber.  K.  Akad.  fViss.  Wien,  1907,  116,  ii.  a,  1121  ;  S. 
Meyer  and  von  Schweidler,  ibid.,  1905,  I14,  ii.  a,  1147  ;  Bronson,  Amer.  J.  Sci.,  1905,  [iv.], 
19,  185. 

®  Hahn  and  Meitner,  loc.  cit. ;  cf.  Miss  Brooks,  loc.  cit. 

“  Kovafik,  Physikal.  Zeitsch.,  1911,  12,  83  ;  cf  Hahn  and  Meitner,  loc.  cit. 
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range  of  its  a-particles  at  N.T.P.,  and  if  the  logarithms  of  the  ranges  are 
plotted  against  the  logarithms  of  the  radioactive  constants  or  periods  the 
points  lie  on  straight  lines  in  each  series  (the  Geiger-Nuttall  Law).  To  this 
rule  in  the  actinium  series  radioactinium  constitutes  an  exception  if  Geiger 
and  Nuttall’s  values  for  the  ranges  are  accurate ;  according  to  M'Coy  and 
Leman,  however,  their  value  for  radioactinium  is  too  high,  while  Meyer, 
Hess,  and  Paneth  state  that  this  element  gives  a-rays  of  two  different  ranges, 
an  indication  that  the  actinium  series  is  more  complicated  than  it  is  at  present 
thought  to  he.  Applied  to  actinium-0',  the  rule  indicates  that  the  values  of 
A,  T,  and  P  must  be  almost  identical  with  those  for  actinium-A. 

From  the  periods  here  given  it  is  possible  to  calculate  the  manner  in 
which  the  a-  and  y8-ray  activities  of  actinium,  radioactinium,  and  actinium-X, 
initially  free  from  any  other  radioactive  elements,  vary  with  the  time,  pro¬ 
vided  the  radioactive  preparations  lose  none  of  their  radioactive  products 
through  loss  of  gaseous  emanation ;  experimental  and  calculated  results  are 
in  good  agreement.  The  a-ray  activity  of  actinium,  initially  zero,  develops 
as  the  preparation  is  kept,  slowly  at  first,  then  more  rapidly,  and  finally  more 
slowly  again,  reaching  a  limiting  value  after  four  months,  when  the  actinium 
and  its  products  are  in  radioactive  equilibrium.^  With  radioactinium,  the 
a-ray  activity  rises  to  a  maximum  of  about  2 ’25  times  the  initial  value  in 
seventeen  days  and  then  diminishes,  the  rate  of  decay  soon  approximating  to 
the  exponential  value  for  radioactinium  and  being  practically  complete  in 
four  months.  The  ^-r&j  activity  varies  similarly,  its  maximum  being  reached 
in  about  twenty  days.^’  ®  The  a-  and  /S-activities  of  pure  actinium-X  rise 
to  their  maximum  values  in  about  four  hours,  and  then  decay  at  a  rate  which 
ultimately  becomes  exponential  with  the  period  of  actinium-X.^'  ^ 

Separation  of  the  Members  of  the  Actinium  Series. — Badio- 
actinium  may  be  separated  from  its  parent  and  its  products  by  adding  a  little 
thorium  salt  to  an  acid  solution  of  the  actinium  preparation  and  boiling  with 
an  excess  of  sodium  thiosulphate.  The  precipitated  thorium  basic  thio¬ 
sulphate  carries  with  it  the  radioactinium.®  Hahn,'^  who  originated  this 
thiosulphate  method,  added  no  thorium  salt,  and  he  described  the  separation  as 
uncertain ;  probably  his  actinium  contained  a  little  thorium.  To  ensure  the 
purity  of  the  radioactinium,  the  precipitate  may  be  dissolved  in  hydrochloric 
acid  and  reprecipitated  by  sodium  thiosulphate.  Instead  of  adopting  the 
thiosulphate  method  for  separating  the  thorium  and  radioactinium,  the 
hydrogen  peroxide  method  (p.  320)  may  be  used.®'  ®  If  the  addition  of 
thorium  is  undesirable,  a  little  zirconium  may  be  added  and  the  thiosulphate 
method  employed.®  By  fractionally  precipitating  an  actinium  solution  with 
ammonia,  radioactinium  concentrates  in  the  first  fractions.'^ 

Actinium-X  may  be  separated  from  a  solution  of  an  actinium  preparation 
by  precipitation  with  ammonia,  which  leaves  the  actinium-X  in  the  filtrate.^® 


1  Hahn,  Phil.  Mag.,  1907,  [vi.],  13,  165. 

®  Hahn  and  Rothenbach,  Physikal.  Zeitsch.,  1913,  14,  409. 

®  M'Coy  and  Leman,  ihid.,  1913,  14,  1280. 

■*  Levin,  Phil.  Mag.,  1906,  [vi.],  12,  177. 

®  M'Coy  and  Leman,  Phys.  Review,  1914,  [ii.],  4,  409. 

®  Fleck,  Trans.  Chem,  Soc.,  1913,  103,  3M. 

'  Hahn,  Ber.,  1906,  39,  1605  ;  Physikal.  Zeitsch.,  1906,  7,  855  ;  Phil.  Mag.,  1907,  [vi.], 
,  165. 

®  M'Coy  and  Leman,  Physikal.  Zeitsch.,  1913,  14,  1280. 

®  Hahn  and  Rothenbach,  ihid.,  1913,  14,  409. 

Godlewski,  Phil.  Mag.,  1905,  [vi.],  10,  35. 


ACTINIUM  AND  ITS  DISINTEGRATION  PRODUCTS. 


449 


To  ensiire  the  removal  of  actinium  and  radioactinium  the  filtrate  may  be 
acidified  and  reprecipitated  by  ammonia  after  the  addition  of  a  little  ferric 
salt.^  The  filtrate  is  then  evaporated  to  dryness  and  the  residue  ignited  to 
expel  the  actinium  “active  deposit,”  or  the  actinium-X  is  removed  from 
solution  by  co-precipitation  with  barium  sulphate.^  Freedom  from  actinium 
is  probably  best  ensured  by  growing  the  actinium-X  from  pure  radioactinium, 
and  after  a  suitable  interval  of  time  removing  the  residual  radioactinium  as 
has  been  previously  described.^ 

Actinium,  emanation  may  be  removed  from  actinium  solutions  by  passing 
a  rapid  stream  of  air  or  other  gas  through  it.  The  emanation  is  also  evolved 
with  great  facility  from  most  solid  actinium  preparations,  particularly  the 
hydroxides.  The  remarkably  rapid  rate  of  decay  of  the  emanation  and  the 
readiness  with  which  it  is  evolved  make  it  easy  to  demonstrate  the  emanat¬ 
ing  power  of  an  actinium  preparation  by  merely  holding  it  over  a  large  zinc 
sulphide  screen  in  the  dark.  The  emanation  streams  away  and  illuminates 
the  screen,  and  as  the  currents  in  the  air  blow  the  emanation  about  so  the 
screen  becomes  illuminated  in  different  places. 

Actinium  active  deposit. — In  view  of  the  excessively  brief  life  of  actinium-A, 
it  cannot  be  isolated  and  studied  like  an  ordinary  radio-element.  In  all 
ordinary  work,  actinium  emanation  and  actinium-A  act  together  as  one  pro¬ 
duct.  By  their  decay,  actinium  B,  C,  O',  D,  and  the  end  products  arise. 
Collectively  they  are  termed  the  “  active  deposit,”  since  they  are  produced  on 
all  objects  with  which  the  emanation  comes  into  contact.  To  separate  the 
active  deposit  a  current  of  air  laden  with  emanation  may  be  passed  through 
a  metal  cylinder  provided  with  a  metal  electrode  held  axially  in  position  and 
insulated  from  thacylinder  by  rubber  stoppers.  A  potential  difference  of  about 
50  volts  is  maintained  between  the  central  electrode  and  the  cylinder,  the 
latter  being  positive  to  the  former.  The  active  deposit  then  collects  on  the 
negative  electrode.  The  yield  is  never  more  than  95  per  cent.^ 

The  manner  in  which  the  a-ray  activity  of  the  “  active  deposit  ”  varies 
with  the  time  depends  upon  how  long  is  taken  to  collect  the  deposit.  If 
this  does  not  exceed  ten  seconds,  the  activity  increases  slightly  with  the 
time,  reaches  a  maximum  in  seven  minutes,  and  then  decreases,  the  decay 
soon  becoming  exponential  with  the  period  of  actinium-B,  the  longest-lived 
element  in  the  deposit.  If  the  time  taken  to  collect  the  deposit  exceeds 
ten  seconds  the  initial  rise  in  its  a-ray  activity  cannot  be  observed.® 

Actinium-B  is  more  volatile  than  actinium-C.  When  the  active  deposit 
is  collected  on  a  platinum  wire  and  heated  in  air,  actinium-B  begins  to 
volatilise  at  400°  C.,  and  is  completely  volatilised  in  ten  minutes  at  750°  C., 
in  four  minutes  at  900°  C.,  or  in  about  half  a  minute  in  the  blowpipe  flame, 
when  actinium-D  is  also  volatilised.  Actinium-C  is  not  perceptibly  volatile 
below  700°  C.®  After  having  been  volatilised  in  air,  actinium-B  becomes 


1  Hahn  and  Rothenbach,  PJiysiJcal.  Zeitsch.,  1913,  14,  409. 

2  M'Coy  and  Leman,  Phys.  Review,  1914,  [ii.],  4,  409. 

®  M ‘Coy  and  Leman,  PhysiJcal.  Zeitseh.,  1913,  14,  1280. 

^  On  the  behaviour  of  the  active  deposit  in  an  electric  field,  see  Miss  Brooks,  Phil.  Mag. , 
1904,  [vi.],  8,  373  ;  Russ,  iKd.,  1908,  [vi.],  15,  601,  737  ;  Kennedy,  ibid.,  1909,  [vL],  18, 
744 ;  M'Lennan,  iKd.,  1912,  [vi.],  24,  370  ;  Walmsley,  ibid.,  1913,  [vi.],  26,  381  ;  Lucian, 
ibid.,  1914,  [vi.],  28,  761- ;  Amer.  J.  Sci.,  1914,  [iv.],  38,  539. 

®  Miss  Brooks,  Phil.  Mag.,  1904,  [vi.],  8,  373. 

®  S.  Meyer  and  von  Schweidler,  Sitzungsber,  K.  Akad.  Wiss.  Wien,  1905,  114,  ii.  a, 
1147;  Levin,  Physikal.  Zeitsch.,  1906,  7,  812;  Hahn  and  Meitner,  ibid.,  1908,  9,  649; 
Schrader,  Phil.  Mag.,  1912,  [vL],  24,  125. 
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much  less  volatile  and  may  be  condensed  on  a  surface  at  lOOO  C.  ;  this  is 
presumably  due  to  oxidation  of  the  element,  since  the  phenomenon  is  not 
observed  in  an  atmosphere  of  hydrogen.'-  Exposure  of  the  active  deposit 
for  ten  to  fifteen  minutes  to  bromine  vapour  increases  the  volatility  of 
actinium-B,  as  also  does  exposure  to  chlorine  or  hydrogen  iodide.  The  last 
two  gases,  however,  cause  actinium-C  to  become  more  volatile ;  in  fact,  after 
treatment  with  hydrogen  iodide,  actinium-C  is  more  volatile  than  actinium-B. 
Exposure  to  hydrogen  chloride  does  not  affect  the  volatilities,  but  if  the 
active  deposit  be  then  treated  with  water,  nearly  all  the  actinium-B  is 
dissolved,  but  no  actinium-C.  Actinium-B  is  very  readily  dissolved  by  dilute 
acids;  immersion  of  the  active  deposit  for  one  minute  in  0 '00 IN  hydrochloric 
or  sulphuric  acid  causes  80  to  95  per  cent,  of  the  actinium-B  to  be  dissolved 
and  practically  none  of  the  actinium-C.^ 

The  actinium  active  deposit  may  be  dissolved  in  boiling  hydrochloric  acid. 
By  electrolysing  this  solution  between  platinum  electrodes,  part  of  the  actinium- 
C  may  be  deposited  on  the  cathode.^  A  much  better  and  simpler  method  of 
separating  the  actinium-C  from  this  solution  is  to  have  it  nearly  neutral, 
heat  it  to  boiling  and  immerse  a  piece  of  sheet  nickel  in  it  for  a  few  minutes. 
The  actinium-C  is  deposited  on  the  nickel.®  Actinium-D  may  be  withdrawn 
from  the  solution  by  shaking  with  animal  charcoal,  in  which  it  is  adsorbed.^ 
It  is  best  prepared,  however,  by  the  method  of  radioactive  recoil. 

An  atom  of  actinium-C,  of  mass  210,  loses  an  a-particle,  i.e.  a  charged 
atom  of  helium,  of  mass  4,  when  it  disintegrates.  The  helium  atom  is 
expelled  with  a  velocity  of  1'89  x  10®  cms.  per  second,  and  in  accordance  with 
the  second  law  of  motion  the  residual  atom  of  actinium-D,  of  mass  206,  must 
recoil  (just  like  a  gun  recoils  when  it  discharges  a  projectile)  with  a  velocity 
of  (4  X  T89  X  10®)/206  or  3  67  x  10'^  cms.  per  second.  The  actinium-D  as  it  is 
produced  has  accordingly  a  kind  of  “  nascent  ”  volatility  and  feeble  penetrating 
power.  Since  the  a-particles  are  discharged  in  all  possible  directions,  so 
also  do  the  atoms  of  actinium-D  recoil  in  all  directions,  and  if  an  excessively 
thin  layer  of  active  deposit  is  collected  on  a  smooth,  carefully  polished  metal 
surface,  50  per  cent,  of  the  actinium-D  atoms  produced  in  its  decay  may  be 
expected  to  recoil  normal  to  and  away  from  the  plate.  The  recoiling  particles 
carry  positive  charges  and  deposit  preferentially  on  a  negatively  charged 
siirface.  Accordingly,  by  placing  the  metal  plate  carrying  the  active  deposit 
opposite  the  surface  on  which  the  actinium-D  is  to  be  collected,  both  being 
contained  in  an  evacuated  vessel,  and  establishing  a  suitable  potential  differ¬ 
ence  between  active  deposit  and  receiving  surface,  it  is  possible  under  good 
conditions  to  collect  almost  the  theoretical  yield  of  actinium-D.  “ 

Physical  Properties  of  Actinium  Emanation. — Actinium  emana¬ 
tion  is  a  gas  which  so  far  as  is  known  does  not  enter  into  any  chemical 
combination.  At  - 120°  C.  it  begins  to  condense,  and  condensation  is 


Schrader,  loe.  cit. 

^  Miss  Brooks,  Phil.  Mag.,  1904,  [vi.],  8,  373. 

®  Meitner,  Physikal.  Zeitsch.,  1911,  I2,  1094. 

Hahn  and  Meitner,  ibid.,  1908,  9,  649. 

®  Hahn  and  Meitner,  loc.  cit.  ;  Kovdfik,  Phil.  Mag.,  1912,  [vi.],  24,  722  ;  Wood,  ibid.., 
1913,  [vi.],  26,  686;  Fleck,  Trans.  Chcm.  Soc.,  1913,  103,  1052.  The  recoil  method  is  a 
general  one  for  preparing  the  products  of  o-ray  changes.  Some  curious  early  observations 
on  the  deyay  of  actinium  active  deposit  (S.  Meyer  and  von  Schweidler,  Sitzungsber.  K.  Akad. 
JViss.  IP  ien,  1905,  114,  ii.  a,  1147  ;  1907,  116,  ii.  a’  316)  were  ultimately  traced  to  con¬ 
tamination  with  actinium-X  which  had  recoiled  at  the  moment  of  its  formation  (Hahn 
Physikal.  Zeitsch.,  1909,  10,  81). 
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complete  at  -  150°  C.,  agreeing  in  these  respects  extremely  closely  with 
thorium  emanation.^  It  is  twice  as  soluble  in  water  as  thorium  emanation, 
and  six  times  as  soluble  as  radium  emanation.  The  following,  as  solvents 
for  actinium  emanation,  are  arranged  in  increasing  order  of  absorbing 
power :  saturated  potassium  chloride  solution,  water,  sulphuric  acid,  alcohol, 
ammonia,  acetone,  benzaldehyde,  benzene,  toluene,  petroleum,  and  carbon 
disulphide.  The  emanation  is  strongly  adsorbed  by  cocoanut  charcoal  at 
the  ordinary  temperature.^ 

The  rate  of  diffusion  of  the  emanation  in  various  gases  has  been  deter¬ 
mined  by  several  observers  with  results  of  doubtful  value  from  the  point 
of  view  of  calculating  the  molecular  weight  of  the  emanation.®  It  is  very 
improbable  that  .the  ordinary  laws  of  gaseous  diffusion  can  be  applied  to 
the  case  of  an  excessively  minute  amount  of  emanation  diffusing  into  a 
relatively  enormous  amount  of  another  gas.  From  comparative  experiments 
on  the  actinium  and  thorium  emanations  (in  the  carrying  out  of  which 
various  sources  of  possible  error  in  the  work  of  previous  experimenters  were 
detected).  Miss  Leslie  ^  concluded  that  these  two  emanations  have  molecular 
weights  that  are  nearly  equal,  and  it  is  known  that  the  value  for  thorium 
emanation  is  220’2.  Marsden  and  Wood®  have  determined  the  molecular 
weight  of  actinium  emanation  by  a  new  diffusion  method  in  which  gas  other 
than  the  emanation  is  present  only  in  minute  amounts.  Their  experiments 
lead  to  a  value  of  about  230  for  the  molecular  weight,  and  this  result  is 
probably  fairly  accurate,  since  Debierne  ®  has  devised  a  method  which  is 
based  upon  the  same  theoretical  principles  as  that  of  Marsden  and  Wood, 
and  by  its  use  obtained  a  value  of  221  for  the  molecular  weight  of  radium 
emanation,  the  correct  value  being  otherwise  known  to  be  222. 

Chemical  Properties  of  the  Members  of  the  Actinium  Series. — 
The  account  already  given  of  the  preparation  and  properties  of  actinium 
leaves  little  doubt  as  to  the  tervalency  of  that  element.  In  1909  Stromholm 
and  Svedberg^  examined  the  chemical  nature  of  various  radio- elements  by 
crystallising  salts  from  their  solutions  and  seeing  whether  the  radio-elements 
separated  with  the  crystals  or  not.  In  this  manner  they  found  that  actinium 
was  isomorphous  with  lanthanum,  actinium-X  with  the  alkaline  earth  metals, 
and  radioactinium  with  thorium.  A  physico-chemical  method  for  determin¬ 
ing  the  valencies  of  the  radio-elements  was  devised  in  1913  by  von  Hevesy  ® 
who  found  that  actinium  is  tervalent  and  actinium-X  is  bivalent. 

The  chemical  properties  of  actinium  and  several  of  its  products  have  been 
carefully  examined  by  Fleck,®  with  the  following  results.  Actinium  is  so 
similar  to  mesothorium-2  that  when  once  mixed,  chemical  means  fail  to  effect 
any  separation  of  one  from  the  other.  Similarly, radio-actinium  is  chemically  in 
distinguishable  from  thorium,  and  actinium-B,  actinium-C,  and  actinium  D  are 
identical  in  chemical  properties  with  lead,  bismuth,  and  thallium  respectively. 

The  chemical  identity  of  two  elements  having  different  atomic  weights  is 


1  Kinoshita,  Phil.  Mag.,  1908,  [vi.],  i6,  121 ;  c/.  Henriot,  Le  Radium,  1908,  5,  41. 

^  Von  Hevesy,  Physikal.  Zeitsch.,  1911,  I2,  1214. 

3  Debierne,  Le  Radium,  1907,  4,  213  ;  Bruhat,  ibid.,  1909,  6,  67  ;  Compt.  rend.,  1909, 
148,  628  ;  Russ,  Phil.  Mag.,  1909,  [vi.],  17,  412. 

^  Miss  Leslie,  Phil.  Mag.,  1912,  [vi.],  24,  637. 

®  Marsden  and  Wood,  Phil.  Mag.,  1913,  [vi.],  26,  948. 

®  Debierne,  Ann.  Phys.,  1916,  [ix.],  3,  62. 
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®  Eleck,  Trans.  Ghem.  Soc.,  1913,  103,  381  (Ac,  RaAc,  AcB,  AcC),  1052  (AcD). 
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a  very  startling  discovery.  The  preceding  results  are  only  a  few  of  those 
that  have  been  experimentally  investigated,  A  group  of  elements  which  are 
chemically  identical  is  called  a  group  of  isotopes  or  isotopic  elements.  The 
isotopic  groups,  so  far  as  they  have  been  experimentally  examined  and  relate 
to  members  of  the  actinium  series,  are  as  follows  : — 

(i.)  Radioactinium,  thorium,  radiothorium,  ionium,  and  uranium-X. 

(ii.)  Actinium  and  mesothorium-2. 

(iii.)  Actinium-X,  radium,  mesothorium-1,  and  thorium-X. 

(iv.)  Actinium  emanation  and  the  emanations  of  radium  and  thorium. 

(v.)  Actinium-B,  lead,  radium-B,  thorium-B,  and  radium-D. 

(vi.)  Actinium-C,  bismuth,  radium-C,  thorium-C,  and  radium-E. 

(vii.)  Actinium-Dj  thallium,  and  thorium-D. 

The  identity  of  isotopes  extends  to  their  electro-chemical  behaviour. 
Actinium-B  and  actinium-C,  for  instance,  are  electro-chemically  identical  with 
the  B  and  C  members  of  the  thorium  and  radium  series.^ 

With  the  recognition  of  isotopism  it  became  possible  to  assign  the  radio- 
-  elements  positions  in  the  Periodic  Table,  for  it  was  seen  that  two  general  rules 
could  be  framed,  (i.)  An  element  formed  in  an  a-ray  change  {i.e.  a  mass 
change)  differs  in  valency  from  its  parent  by  two,  and  so  occupies  a  position 
two  places  behind  its  parent  {i.e.  in  the  direction  of  diminishing  mass),  (ii.) 
An  element  formed  in  a  /3-ray  change  {i.e.  no  change  in  mass)  differs  in 
valency  from  its  parent  by  one,  the  valency  increasing  in  the  change ;  the 
product  accordingly  occupies  a  position  one  in  advance  of  its  parent.  By 
these  rules  the  members  of  the  uranium  and  thorium  series  may  be  placed  in 
position  since  the  starting-points  for  thorium  and  uranium  are  known,  and  it 
is  found  that  a  group  of  isotopes  occupies  one  space  in  the  Periodic  Table. 
In  the  absence  of  definite  knowledge  concerning  the  origin  and  atomic  weight 
of  actinium,  the  actinium  series  must  be  placed  in  position  in  accordance 
with  the  principle  of  isotopy,  and  it  mrrst  further  be  assumed  that  the  rayless 
change  Ac— ^RaO  follows  the  /8-ray  rule.®  The  actinium  series  then  falls  into 
Mendeldeff’s  table  as  follows  ;  —  ^ 


Group. 

0 

1 

2 

3 

4 

5 

6 

7 

Fourth  long  period  / 
(Odd  series)  \ 

Au 

Hg 

T1 

AcD 

pb 

AcE 

Bi 

AcC 

AcA 

AcC' 

... 

Fifth  long  period  / 
(Even  series)  \ 

Nt 

AcEm 

... 

Ra 

AcX 

Ac 

Th 

RaAc 

... 

U 

... 

Origin  of  Actinium. — Actinium  is  a  constant  constituent  of  uranium 
minerals,  and  it  occurs  in  them  in  amounts  proportional  to  their  uranium 
contents.®  It  is  therefore  hard  to  resist  the  conclusion  that  actinium  is 


1  Soddy,  The  Chemistry  of  the  Radio-elements  (Longmans  &  Co.,  1914),  jit.  ii.,  p.  14. 

^  Von  Heresy,  Ptdl.  Mag.,  1912,  [vi.],  23,  628. 

®  This  has  also  to  he  assumed  for  the  rayless  change  MsThl-^MsThll. 

*  A  short  account  of  modern  work  on  the  theory  of  atomic  structure  and  its  bearing  on 
the  jicriodio  classification  and  the  positions  of  the  radio-elements  is  given  in  this  series, 
Vol.  I.  pt.  i.,  pp.  276-282.  For  a  fuller  account,  see  Soddy,  opus  dt. 

^  Boltwood,  Phys.  Review,  1906,  22,  320  ;  Amer.  J.  Set.,  1906,  [iv.],  22,  537  ;  1908, 
[iv.],  25,  269  ;  M‘Coy,  Phil.  Mag.,  1906,  [vi.],  il,  177  ;  M'Coy  and  Ross,  J.  Amer.  Chem. 
Soc.,  1907,  29,  1698. 
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derived  from  uranium.  The  a-ray  activity  of  the  actinium  products  is,  how¬ 
ever,  very  small  in  comparison  with  that  of  the  uranium-radium  series  of 
products  in  the  same  mineral  (p.  441).  Rutherford  ^  accordingly  suggested 
that  some  member  of  the  uranium-radium  series  undergoes  disintegration  in 
two  ways,  so  that  from  that  member  onwards  the  uranium  disintegration 
series  branches  into  two  such  series,  one  of  which  contains  actinium  and  its 
products.  It  would  suffice  to  account  for  the  observed  results  if  about  8  per 
cent,  of  the  disintegrated  uranium  followed  the  actinium  branch  series. ^ 

Passing  over  the  earlier  suggestions  as  to  the  precise  point  at  which  this 
branching  of  the  uranium  series  occurs,®  and  viewing  the  problem  in  the  light 
of  modern  knowledge,  it  is  seen  that  if  formed  by  an  a-ray  change,  actinium 
is  derived  from  a  homologue  of  tantalum,  and  if  formed  by  a  ;Q-ray  change, 
it  is  derived  from  radium  or  an  isotope  of  that  element.^  The  production  of 
actinium  from  radium  has  been  disproved.®  No  isotope  of  radium  derived 
from  uranium  is  known.  Such  an  element  would  exist  if  ionium  broke  down 
in  two  ways  and  a-rays  were  emitted  in  each.  However,  no  actinium  could 
be  detected  in  a  concentrated  ionium  preparation  four  years  after  it  had  been 
made.®  So  far  as  a  radioactive  homologue  of  tantalum  is  concerned,  the 
element  brevium  or  uranium-X2  is  the  only  one  known,  but  its  short  life  and 
absence  of  a-radiation  completely  negative  the  view  that  it  is  the  parent  of 
actinium.  If,  then,  actinium  is  formed  in  an  a-ray  change,  there  is  an  isotope 
of  brevium  still  to  be  discovered.  It  has  been  sought  in  pitchblende,  with 
negative  results,  but  there  is  no  certainty  that  the  chemical  methods  used 
would  have  isolated  it.'^  The  missing  element  might  arise  from  uranium-X^® 
or  ionium  by  a  /3-ray  change,  but  the  latter  is  unlikely  in  view  of  the  failure 
to  produce  actinium  from  ionium.  Another  alternative  has  been  proposed, 
and  meets  with  most  favour  at  the  present  time  (1916).  Uranium-I  or 
uranium- II  breaks  down  in  two  ways,  each  of  the  a-ray  type,  producing 
uranium- X^  or  ionium  on  the  one  hand,  and  uranium-Y  on  the  other. 
Uranium- Y,  by  a  /S-ray  change,  passes  into  the  missing  homologue  of  tantalum. 
The  existence  of  uranium-Y  was  announced  by  Antonov  in  1911,  and  is  now 
fairly  well  established.®  Assuming  the  branching  to  start  from  uranium  ll, 
the  uranium  series  will  then  be  as  follows  : — 

a  a 

/  ^ 

Io-»Ra-»etc. 

a  /3  0  a/ 

^  /  /92% 

UrI  UrXi  ^  UrX.^  UrII 

\8%  ,  0  a 

a\  ^ 

UrY ->[?]->  Ac etc. 


1  Rutherford,  Radioactive  Transformatwns  (Constable,  1906),  p.  177. 

2  Rutherford,  Radioactive  Substances  atxd  their  Radiations  (Cambridge  Univ.  Press, 
1912),  p.  523. 

2  M‘Coy  and  Ross,  loc.  cit.-,  Soddy,  Phil.  Mag.,  1909,  [vi.],  i8,  789  ;  cf.  Nicholson, 
Nature,  1911,  87,  516. 

^  Soddy,  Chem.  News,  1913,  107,  97  ;  Jahrh.  RadioaUiv.  Elektronik,  1913,  10,  188  ; 
Fajans,  Le  Radium,  1913,  10,  61,  171  ;  Ber.,  1913,  46,  422. 

®  Soddy,  Nature,  1913,  91,  634. 

«  Gohring,  Physikal.  Zeitsch.,  1914,  15,  642.  ’’  Gohring,  loc.  cit. 

®  Hahn  and  Meitner,  Physikal.  Zeitsch.,  1913,  14,  752. 

9  Antonov,  Phil.  Mag.,  1911,  [vi.],  22,  419  ;  1913,  [vi.],  26,  1058  ;  Fleck,  ihid.,  1913, 
[vi.],  25,  710;  Soddy,  ihid.,  1914,  [vi.],  27,  215;  Hahn  and  Meitner,  Physikal.  Zeitsch., 
1914,  IS,  236. 
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There  is  reason  to  believe  that  the  branching  proceeds  from  uranium-II 
rather  than  from  uraniumT.  The  two  alternatives  lead  to  the  respective 
values  226  and  230  for  the  atomic  weight  of  actinium.  Now  for  a  group  of 
isotopic  elements  it  is  the  rule  that  for  a-ray  giving  members  the  stability 
increases  with  increase  in  atomic  weight,  while  for  /5-ray  giving  members 
the  reverse  is  true.  The  actinium  series  falls  in  with  this  rule  (to  which, 
however,  there  are  one  or  two  exceptions)  much  better  if  Ac  =  226  than  if 
Ac  =  230.1 

Atomic  Weights  of  Actinium  and  its  Products.— Until  pure 
actinium  salts  are  prepared  the  chemical  equivalent  of  actinium  cannot  be 
directly  measured,  and  until  more  accurate  measurements  of  the  molecular 
weight  of  actinium  emanation  are  obtained,  the  accurate  atomic  weight  of 
actinium  cannot  be  calculated  from  that  of  the  emanation.  If  actinium  arises 
from  ilranium-II,  as  has  been  supposed,  it  should  clearly  have  the  same  atomic 
weight  as  radium,  viz.  226‘0  (or  226‘2  if  calculated  from  U  =  238’2  and 
He  =  4-00);  on  the  other  hand,  if  it  arises  from  uranium-I,  the  atomic  weight 
should  be  230-0  (or  230-2).  Assuming  the  origin  of  actinium  from  uranium-II, 
the  atomic  weights  in  the  actinium  series  will  be  as  follows : — 

Element  .  .  Ac  RaAc  AcX  AcEm  AcA  AcB  AcC  AcC'  AcD 

Atomic  weight  .  226  226  222  218  214  210  210  210  206 

End  Products  in  the  Actinium  Series. — The  nature  of  the  product 
arising  from  AcC'  by  the  expulsion  of  a-rays  is  quite  unknown,  but  it  should 
be  an  isotope  of  lead.  This  product,  however,  only  arises  from  0-2  per  cent, 
of  the  parent  actinium,  the  remainder  of  which  ultimately  passes  vid  AcC  by 
an  a-ray  change  into  AcD,  thence  by  a  ^  ray  change  into  another  isotope  of 
lead.  The  nature  of  this  product,  AcE  say,  is  also  quite  unknown,  since  it 
emits  no  detectable  radiation.  It  is  of  great  interest  to  determine  whether 
AcE  is  stable  or  not.  Its  most  probable  atomic  weight,  as  has  already  been 
explained,  is  206  or  206-2,  say  206  1,  the  next  alternative  being  210-1. 

Now  the  ultimate  end  product  of  uranium  through  the  radium  series  is 
a  stable  isotope  of  lead  of  calculated  atomic  weight  206-2  (from  U  =  238-2) 
or  206'1  (from  Ea  =  226-0),  say  206-1.  The  atomic  weight  of  “lead”  ex¬ 
tracted  from  uranium  minerals  practically  free  from  thorium  is  always  less 
than  207-2,  the  atomic  weight  of  lead  derived  from  non-radioactive  sources,^ 
and  in  the  cases  of  (i.)  a  crystalline  specimen  of  uraninite  from  Africa  and 
(ii.)  a  crystalline  sample  of  broggerite  from  Norway,  Honigschmid  and  Mile. 
St.  Horovitz®  have  found  Pb  =  206-04  and  206-06  respectively,  i.e.  the  value 
for  the  end  product  of  the  uranium-radium  series.  But  if  about  8  per  cent, 
of  this  “lead”  came  from  the  actinium  side-branch,  and  AcE  =  210-1,  the 
“lead ’’should  have  an  “  atomic  weight  ”  of  206-42.  Hence,  if  AcE  =  210-1, 
it  is  an  unstable  element,  and  disintegrates  while  the  end  product  of  the 


1  Fajans,  Le  Radium,  1913,  lo,  171  ;  Physikal.  Zeitsch.,  1913,  14,  951  ;  c/.,  however, 
Richardson,  Phil.  Mag.,  1914,  [vi.],  27,  252.  According  to  S.  Meyer,  Hess,  and  Paneth 
{Sitzungsber.  K.  Akad.  IViss.  Wien,  1^4,  123,  ii.  a,  1459),  when  the  logarithms  of  the 
radioactive  constants  (a)  are  plotted  against  the  logarithms  of  the  ranges  of  the  a-rays  at 
N.T.P.  the  points  lie  on  a  straight  line  which  cuts  the  corresponding  line  for  the  uranium 
series  at  UII,  indicating  the  genesis  of  actinium  from  that  element. 

^  Richards  and  Lembcrt,  J.  Amer.  Chem.  Soe.,  1914,  36,  1329  ;  Maurice  Curie,  Compt. 
rend.,  1914,  158,  1676  ;  Honigschmid  and  Mile.  St.  Horovitz,  ibid,,  1914,  158,  1796. 

®  Honigschmid  and  Mile.  St.  Horovitz,  Monatsh,,  1915,  36,  355. 
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uranium-radium  series  accumulates.  Tf,  on  the  other  hand,  AcE  =  206‘l, 
no  conclusion  as  to  its  stability  can  be  drawn  from  this  line  of  argument. 

Should  AcE  slowly  decay  and  emit  /3-rays  it  would  pass  into  an  isotope 
of  bismuth,  and  if  this  were  stable,  the  atomic  weight  of  bismuth  extracted 
from  uranium  minerals  would  not  be  208,  but  would  approach,  probably,  either 
206  or  210.  This  is  a  matter  that  is  deserving  of  experimental  study.^ 

Detection  and  Estimation  of  Actinium. — For  these  topics  the  reader 
must  be  referred  to  the  literature.^ 

Summary. — The  properties  of  actinium  and  its  disintegration  products 
are  summarised  in  the  accompanying  table. 


^  Holmes  and  Lawson,  Phil.  Mag. ,  1915,  [vi.],  29,  673. 

2  See,  e.g.,  Boltwood,  Amer.  J.  Sei.,  1908,  [iv.],  25,  269  ;  Meitner,  PhysiJcal.  Zeitsch., 
1911,  12,  1094  ;  von  Hevesy,  ibid.,  1911,  12,  1213  ;  Ramsauer,  Le  Radwm,  1914,  ii,  100. 
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Actinium,  441. 

- atomic  weight,  454. 

- detection,  455. 

- disintegration  products,  444. 

- estimation,  455. 

- history,  441. 

- occurrence,  441. 

- origin,  452. 

- preparation,  441. 

- properties,  443. 

Actinium  A,  B,  C,  O',  and  D,  444. 

- atomic  weights,  454. 

— ^ - decay,  rates  of,  447. 

- history,  444. 

- preparation,  449. 

- properties,  451. 

- radiations,  446. 

Actinium  active  deposit,  449. 

Actinium  emanation : 

- atomic  weight,  454. 

- decay,  rate  of,  447. 

- diffusion,  451. 

- history,  440. 

- molecular  weight,  451. 

- preparation,  449. 

- properties,  450. 

- radiation,  446. 

Actinium-X : 

- atomic  weight,  454. 

- decay,  rate  of,  447. 

- history,  445. 

- preparation,  448. 

- properties,  451. 

- radiation,  446. 

Adamantine  boron,  97. 

.ffischenite,  220. 

Albite,  92. 

Aldebaranium.  See  Ytterbium  (neo-). 
Allanite,  218. 

Allophane,  97,  108. 

Almandine,  93. 

Alumina,  70. 

Aluminates,  75. 

Aluminium,  47. 

- atomie  weight,  59. 

- colloidal,  58. 

- detection,  100. 

- estimation,  1 00. 

• - history,  47. 


Aluminium,  molecular  weight,  59. 

- occurrence,  47. 

- preparation,  48. 

- properties,  52. 

- spectrum,  2,  56. 

- thermochemistry,  61. 

- uses,  58. 

- valency,  59. 

Aluminium,  alloys  of,  61. 
Aluminium  compounds,  60. 

- acetylacetonate,  92. 

- alkyl  compounds,  91. 

- aluminates,  75. 

- alums,  81. 

- arsenate,  89. 

- arsenide,  88. 

- arsenite,  89. 

- borate,  99. 

- borides,  97. 

- borocarbides,  99. 

- bromate,  70. 

- bromide,  68. 

- carbide,  89. 

- carbonate,  90. 

- chlorate,  70. 

- chloride,  65. 

- double  salts,  67. 

- chlorosulphate,  81. 

- chromate,  87. 

- dithionate,  86. 

- fluoride,  63. 

- double  salts,  64. 

- hydroxides,  73. 

- iodide,  69. 

- molybdate,  87. 

- nitrate,  88. 

- nitride,  88. 

- oxalate,  91. 

- double  salts,  91. 

- oxide  (sesqui-),  70. 

- perborate,  99. 

- perchlorate,  70. 

- per-iodate,  70. 

- peroxide,  73. 

— -  phosphates,  89. 

- phosphide,  88. 

- phosphotungstate,  87. 

- selenate,  87. 

- selenide,  80. 
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Aluminium  selenite,  87. 

- selenium  alums,  87. 

- silicates,  92. 

- silicide,  92. 

- silicomolybdate,  87. 

- silicotungstate,  87. 

- subchloride,  65. 

- suboxide,  70. 

- subsulphide,  80. 

- sulphate,  80. 

- sulphide,  79. 

- sulphite,  80. 

- telluride,  80. 

- thiocyanate,  90. 

- tungstate,  87. 

Alumi#Dsilicic  acids,  108. 

Alums,  4,  81. 

- aluminium,  81. 

- ammonium,  86. 

- caesium,  86. 

- hydroxylamine,  86. 

- lithium,  82. 

- potassium,  84. 

- rubidium,  86. 

- silver,  86. 

- sodium,  84. 

- gallium,  148. 

- indium,  160. 

- mixed,  82. 

- pseudo-,  86. 

- selenium,  82,  87. 

— -  thallic,  191. 

Alum-shale,  84. 

Alundum,  73. 

Alunite,  84. 

Alunogen,  81. 

Amethyst,  oriental,  70. 

Ammonal,  59. 

Ammonal  B,  59. 

Ammonium  perborate,  37. 

Analcite,  93,  97. 

Ancylite,  221. 

Andalusite,  92. 

Andesite,  92. 

Andradite,  93. 

Anomalous  line,  295. 

Anorthite,  92,  97. 

Aquamarine,  94. 

Augite,  97. 

Austrium,  143. 

Axinite,  94. 

Bageationite,  218. 

Bastnsesite,  221. 

Bauxite,  73. 

Bauxite  bricks,  73. 

Becbilite,  6. 

Beckelite,  221. 

Beryl,  94. 

Biotite,  93.  • 

Bismuth  salts,  use  in  separating  rare  earths, 
327,  349,  350. 

Blomstrandine,  221. 

Blue  bricks,  117. 

Bodenite,  218. 


Bone  china.  See  China  ware. 

Boracic  acid.  Synonymous  with  orthoboric 
acid. 

Boracite,  7. 

Borate  spar,  6. 

Borates,  32.  See  also  under  the  various 
metals. 

Borax,  6. 

Boric  acids ; 

- boracic  acid.  See  Orthoboric  acid. 

- -  boric  acid.  See  Orthoboric  acid. 

- borophnsphoric  acid,  29. 

- -  borotungstic  acids,  34. 

- complex  boric  acids,  34. 

- fluoboric  acid,  34. 

- hydrofluoborio  acid,  20. 

- mannitoboric  acid,  35. 

- -  metaboric  acid,  30. 

- orthoboric  acid,  30. 

- esters  of,  33. 

- -  perboric  acid,  35. 

- perfluoboric  acid,  22. 

- - pyroboric  acid,  30. 

Boric  anhydride,  28. 

Borides,  19. 

Borofluorides,  21. 

Boruhydrates,  26. 

Boron,  6. 

- atomic  weight,  14. 

- colloidal,  14. 

- detection,  43. 

- estimation,  44. 

- history,  7. 

- occurrence,  6. 

- preparation,  7. 

- properties,  11. 

- spectrum,  12. 

- thermochemistry,  15,  20,  23  34,  37,  38. 

- uses,  14. 

- valency,  15. 

Boron,  adamantine,  97. 

- graphitic,  97. 

Boron  compounds,  15. 

- alkyl  compounds,  42. 

- amide,  23,  41. 

- borohydrates,  26. 

- bromide,  19,  24. 

- bromo-iodides,  19. 

- carbide,  42. 

- chlorides,  19,  23. 

- fluoride,  19,  20. 

- hydrides,  16,  46. 

- hypoborates,  28. 

- imide,  23,  24,  41. 

- iodide,  24. 

- nitride,  39. 

- oxide  (sesqui-),  28. 

- oxides,  other,  25. 

- oxychlorides,  20. 

- phosphate,  29. 

- - phosphides,  41. 

- selenide,  39. 

- silicides,  42. 

- sulphides,  38,  39. 

- thiocyanate,  42. 
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Boronatrocalcite,  7. 

Borophosphoiic  acid,  29. 

Borotungstic  acids,  34. 

Brick  earths,  119. 

Bricks.  See  Terra-cottas. 

Bucklandite,  218. 

Bytownite,  92. 

Calaite,  89. 

Calcium  aluminates,  77,  78,  79. 

Calcium  sulpho-aluminate,  79. 

Cappeleiiite,  221. 

Carclazite,  105. 

Carnotite,  442. 

Carnegieite,  94. 

Cassiopeium.  See  Lutecium. 

Celtium,  439. 

- history,  227,  439. 

- occurrence,  439. 

- spectrum,  arc,  307. 

Celtium  compounds,  440. 

- oxide,  257. 

Ceramic  bodies,  composition  of,  122. 

- colouring,  133. 

- preparation  of,  125, 

Ceramic  products,  classification  of,  120. 

- decoration  of,  132. 

- enamelling  of,  130. 

- firing  of,  126. 

- glazing  of,  1 21,  129. 

- - -  shaping  of,  125. 

- -  See  also  Faience,  Porcelain,  Terra¬ 
cottas,  etc. 

Ceria : 

- purification  of,  337. 

- separation  from  rare  earths,  332. 

Cerite,  218. 

Cerium,  376. 

- atomic  weight,  243. 

- detection,  365,  366,  367. 

- estimation,  gravimetric,  368,  372. 

- volumetric,  373. 

- history,  222. 

- homogeneity,  358. 

- occurrence,  217. 

- preparation,  229. 

- properties,  230,  376. 

- spectrum,  arc,  307. 

- spark,  307. 

- - X-ray,  312,  363. 

- thermochemistry,  379. 

- valency,  231. 

Cerium,  alloys  of,  377. 

Cerium  compounds,  379-404. 

Cerium  glass,  314. 

Ceric  compounds,  389. 

- acetate,  ba.sic,  403. 

- acetylacetonate,  403. 

- ammonium  nitrate,  400. 

- arsenates,  401. 

- borate,  404. 

- carbonates,  basic,  401. 

- chloride,  393, 

- -  chromate,  399. 

- fluoride,  393. 


Ceric  hydroxide,  396. 

- iodate,  393. 

- molybdates,  complex,  400. 

- nitrate,  400. 

- double  salts,  400,  401. 

- oxalate,  403. 

- oxide,  394.  . 

- phosphates,  401. 

- selenite,  399. 

- sulphate,  398. 

Cerocerie  compounds : 

- hydrosulphate,  397. 

- hydroxide,  393. 

- oxide,  393. 

Cerous  compounds,  379. 

- acetylacetonate,  279. 

- azide,  386. 

- borate,  282,  389. 

- bromate,  256,  381. 

- bromide,  255,  381. 

- 1:4:2-  bromonitrobenzenesulphonate, 

281. 

- cacodylate,  280. 

- carbide,  270,  388. 

- -  carbonate,  271,  388. 

- - - double  salts,  388. 

- —  chloride,  252,  380. 

- -  chromate,  386. 

- jo-dibromobenzenesulphonate,  282. 

- dimethylphosphate,  281. 

- dithionate,  385. 

— —  ethylsulphate,  278. 

- -  fluoride,  252,  380. 

- -  glycollate,  280. 

— -  hydride,  251,  380. 

- hydroxide,  382. 

- hypophosphite,  387. 

- iodate,  381. 

- iodide,  381. 

- malonate,  280. 

- molybdates,  265,  386. 

- -  nitrate,  267,  386. 

- double  salts,  268,  387. 

- nitratosulphate,  385. 

- -  nitride,  267,  386. 

- nitrite,  386. 

- m-nitrobenzenesulphonate,  281. 

- organic  salts,  389. 

- oxalate,  273,  388. 

- oxide,  381. 

- oxychloride,  381, 

- oxysulphide,  382. 

- perchlorate,  381. 

- phosphates,  387. 

- platinocyanide,  272,  388. 

-  selenate,  386. 

- double  salts,  386, 

- selenite,  386. 

- silicate,  389, 

- silicide,  388, 

- -  silicotungstate,  266. 

- sulphate,  260,  382. 

- acid  salt,  263. 

- double  salts,  263,  384,  385. 

- sulphides,  259,  382. 
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Cerous  sulphite,  260,  382. 

• - -  thiocyanate,  272. 

- -  tungstate,  265,  386. 

- vanadate,  388. 

Perceric  compounds : 

- acetate,  basic,  403. 

- -  double  carbonates,  401,  402. 

- -hydroxide,  396. 

Cbabazite,  93,  97. 

China-clay,  105,  113,  119. 
China-clay  rock,  105. 

China  stone,  121. 

China  ware,  125. 

- bodies  for,  125. 

- firing  of,  128. 

- glazes  for,  132. 

Chiolite,  65. 

Chlorite,  97. 

Chrysoheryl,  77. 

Clayite,  105. 

Clays,  103. 

- analysis  of,  chemical,  107. 

- mechanical,  106. 

- rational,  109. 

- colloids  in,  111. 

- definition,  103, 

- fluxes  in,  114. 

- fusibility  of,  114. 

- mineralsin,  105. 

- origin  of,  103. 

- physical  pi’operties  of,  110. 

- plasticity  of,  110. 

- softening  point  of,  116. 

- vitrification  of,  115. 

Clay-shales,  104. 

Clay-slip,  110. 

- viscosity  of,  112. 

Clays,  kinds  of : 

- ball,  119. 

- briclc,  119. 

- calcareous,  119. 

- - china-  (g'.'W-). 

- fireclays,  118,  119. 

- kaolins  (q.v.). 

- loams,  107. 

- - malms,  107,  118. 

- - -  marls,  107,  118. 

- non-refractory,  118. 

- - -  pipe-,  118,  119. 

- pottery,  120. 

- primary,  104. 

- refractory,  118, 

- - residual,  104, 

- secondary,  104. 

- - stoneware,  115. 

-  terra-cotta,  120. 

- transported,  104,  106. 

- -  vitrifiable,  115. 

Colemanite,  6. 

Collyrite,  108. 

Cordylite,  221. 

Cornish  stone,  121. 

Corundum,  70. 

Cottonballs,  7. 

Crookesite,  164, 


Cryolite,  65. 

Cyanite,  92. 

A,  228. 

Decipium,  224. 

Demonium,  430. 

Diaspore,  73. 

Di/S,  360. 

Dinas  rock,  123, 

Duralumin,  62. 

Dysprosia,  256,  430. 

- separation  of,  from  rare  earths,  350. 

Dysprosium,  430. 

- atomic  weight,  243. 

- detection,  365. 

- estimation,  368. 

- history,  226. 

- homogeneity,  358. 

— —  occurrence,  217. 

- spectrum,  absorption,  291. 

- arc,  308, 

- cathodic  phosphorescence,  303. 

- reversion,  294. 

- spark,  308. 

- - X-ray,  312,  368. 

- valency,  231. 

Dysprosium  compounds,  430. 

- bromate,  430. 

- bromide,  255. 

- carbonate,  431. 

- chloride,  262, 

- chromate,  431, 

- nitrate,  431. 

- -  oxalate,  431. 

- oxide  (sesqui-),  256,  430. 

- oxychloride,  265. 

-  phosphate,  431. 

- platinocyanide,  431. 

- selenate,  431. 

- sulphate,  430. 

Earth,  meaning  of  term,  216. 
Earthenware,  fine,  121,  123,  129,  132. 
Earths,  brick,  119. 

Earths,  rare.  See  Rare  earths. 
Eka-aluminium,  144. 

Ekaboron,  206,  206. 

Elutriation,  105. 

Emanium,  441. 

Emerald,  94. 

- oriental,  70. 

Emery,  70. 

Enamels,  ceramic,  130,  133_. 

English  porcelain.  See  China  ware. 
Erbia,  256,  437. 

_ separation  of,  from  rare  earths,  350. 

Ert)ium,  437 

- - atomic  weight,  243. 

- - detection,  365. 

- estimation,  368. 

- - history,  222. 

- homogeneity,  368. 

- occurrence,  217,  437. 

- - properties,  437. 

- spectrum,  absorption,  291.i 
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Erbium  spectrum  arc,  308. 

- cathodic  phosphorescence,  804. 

- - — -  flame,  293. 

- reflection,  291. 

- spark,  308. 

- X-ray,  312,  363. 

- valency,  231. 

Erbium  compounds,  437. 

- nitrate,  437. 

- organic  salts,  437. 

- -  oxalate,  273,  437. 

- oxide  (sesqui-),  256,  437. 

- oxychloride,  255. 

- peroxide,  437. 

- platinocyanide,  272,  437. 

- selenite,  437. 

- silicotungstate,  266. 

- sulphate,  260,  437. 

- tungstate,  265. 

Erdmannite,  221. 

Europia,  256,  427. 

- separation  of,  from  rare  earths,  346. 

Europium,  426. 

- atomic  weight,  241,  243. 

- detection,  365. 

- estimation,  368. 

- history,  225. 

- homogeneity,  358. 

- occurrence,  217,  426. 

- spectrum,  absorption,  289. 

- arc,  308. 

- cathodic  phosphorescence,  300. 

- reversion,  294. 

- spark,  308. 

- X-ray,  312,  363. 

- -  valency,  231. 

Europium  compounds,  426. 

- chloride,  252. 

- ethylsulphate,  278, 

- organic  salts,  427. 

- oxide  (sesqui-),  256,  427. 

- subchloride,  426. 

- sulphate,  427. 

Euxenite,  220. 

Faience,  121. 

Felspars,  92. 

Fergusonite,  220. 

Fireclay  goods,  121,  122,  127. 

Fluellite,  63. 

Fluoborates,  22. 

Fluoboric  acid,  21. 

Fluocerite,  221. 

Fractional  crystallisation,  etc.  See  Rare 
earths,  separation  from  one  another. 
Fuller’s  earth,  120. 

Furnace,  mercury  arc,  10. 

r,  228 

Gadolinia,  256,  427. 

- separation  of,  from  rare  earths,  346. 

Gadolinite,  220. 

Gadolinium,  427. 

- atomic  weight,  244. 

- detection,  366. 


Gadolinium,  estimation,  368, 

- history,  226. 

- homogeneity,  358. 

- occurrence,  217. 

- spectrum,  absorption,  289. 

- -  arc,  308, 

- cathodic  phosphorescence,  301. 

— — - spark,  308. 

- X-ray,  314,  363. 

- valency,  231. 

Gadolinium  compounds,  427. 

- -  acetate,  428. 

- -  borate,  282, 

- bromide,  255,  427. 

- -  1:4:2-  bromonitrobenzenesulphonate, 

281. 

- carbonate,  428. 

- -  chloride,  252,  427. 

— — - double  salts,  427. 

- j?-dibromobenzenesulphonate,  281. 

- dimethylphosphate,  281 . 

- ethylsulphate,  278. 

- fluoride,  252,  427. 

- glycollate,  280. 

- hydroxide,  427. 

- malonate,  280. 

- nitrate,  267,  428. 

- double  salts,  268,  428. 

- m-nitrobenzenesulphonate,  281. 

- organic  salts,  280,  281,  428. 

- oxalate,  273,  428. 

- -  oxide  (sesqui-),  256,  427. 

- oxychloride,  256. 

- platinocyanide,  272,  428. 

- -  selenate,  264,  428. 

- selenite,  428. 

- silicotungstate,  266. 

- sulphate,  260,  427. 

- - - basic  sulphate,  263. 

- sulphide,  259,  427. 

- vanadate,  428. 

Gahnite,  77. 

Gallium,  143. 

- atomic  weight,  146. 

- detection,  149. 

- estimation,  149. 

- history,  143. 

- molecular  weight,  146. 

- occurrence,  143. 

- preparation,  144. 

- properties,  145. 

- spectrum,  2,  3,  146. 

- valency,  146. 

Gallium,  alloys  of,  147. 

Gallium  compounds,  1 47. 

- alums,  4,  148. 

— —  bromides,  147. 

- chlorides,  147. 

- hydroxide,  148. 

- iodides,  147. 

- nitrate,  148. 

- oxides,  147,  148. 

- silicotungstate,  148. 

- sulphate,  148. 

' - sulphide,  148. 
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Ganister,  123. 

Garnets,  93. 

Gibbsite,  73. 

Glaucophane,  97. 

Glaukodymium,  229. 

Glazes,  ceramic,  121,  129. 

Graphitic  boron,  97. 

Grossular,  93. 

Group  III,  members  of,  1 . 

- comparative  study  of  members 

of  odd  subgroup,  2. 

Hallotsite,  97,  108, 

Harmotine,  97. 

Haiiynite,  94. 

Hellandite,  221. 

Hercynite,  77. 

Heulandite,  93. 

Hiddenite,  94. 

Hielmite,  221. 

Holmia,  431, 

- separation  of,  from  rare  earths,  350. 

Holmium,  431. 

- atomic  weight,  244. 

- detection,  365. 

- estimation,  368. 

- history,  226. 

- occurrence,  217. 

- spectrum,  absorption,  291. 

- arc,  309. 

- spark,  .309. 

- valency,  231. 

Holmium  oxide,  431. 

Holmium  salts,  431. 

Hydrargillite,  73. 

Hydroborons,  16,  46. 

Hydrofluoboric  acid,  20. 

Hypoborates,  28. 

Incognitum,  303. 

Indates,  159. 

Indium,  150. 

- atomic  weight,  152. 

- detection,  163. 

- estimation,  163. 

- history,  150. 

- molecular  weight,  154. 

- occurrence,  150. 

- preparation,  150. 

- properties,  151. 

• - spectrum,  2,  3,  151. 

- valency,  152,  153. 

Indium  alloys,  155. 

Indium  compounds,  155. 

- acetylacetonate,  162. 

- alkyl  compounds,  1. 

- alums,  4,  5,  160. 

- •  bromides,  157. 

- carbonate,  162. 

- chlorides,  156. 

- chromate,  162. 

- cyanide,  162. 

- fluoride,  156. 

- hydroxide,  159. 

- iodate,  158. 


Indium  iodides,  157,  158. 

- molybdate,  162. 

- nitrate,  162. 

- oxalate,  162. 

- oxides,  158,  159. 

- oxy  bromide,  157. 

- oxychloride,  157. 

- - perchlorate,  158. 

- phosphate,  162. 

- phosphide,  162, 

- platinocyanide,  162. 

- selenate,  161. 

- selenide,  161. 

- selenite,  161. 

- silicutungstate,  162. 

- sulphate,  160. 

-  sulphide,  159. 

— ^ —  sulphite  (basic),  160. 

- telluride,  161. 

- tungstate,  162. 

- uranate,  162. 

- vanadate,  162. 

Ionium,  303. 

Isomorphism  of  actinium  and  lanthanum 
salts,  451. 

- ofactinium-X  and  alkaline  earth  metals, 

salts  of,  451. 

- of  alkali  metals  (potassium,  rubidium, 

and  cassium),  ammonium  and 
thallium,  salts  of,  165,  171,  180, 
184,  189-195,  197. 

- of  aluminium  and  indium,  151. 

- of  aluminium  and  ferric  nitrates,  88. 

- of  aluminium  and  ruthenium  acetyl- 

acetonates,  92. 

- of  aluminium,  chrgmium,  cobaltic  and 

ferric  double  oxalates,  91. 

- of  aluminium,  chromium  and  ferric 

oxides,  70. 

- of  aluminium,  gallium  and  indium 

silicotungstates,  87,  148,  162. 

- of  aluminium,  gallium,  indium,  and 

thallic  alums,  4,  82,  152,  160,  191. 

- of  barium,  calcium,  and  rare  earth 

element  fluorides,  234. 

— —  of  bismuth  and  rare  earth  elements, 
salts  of,  234,  235. 

- of  calcium,  lead  and  rare  earth  elements, 

molybdates  and  tungstates  of,  234. 

- of  calcium,  strontium,  thorium,  and 

rare  earth  elements,  silicotungstates 
of,  234. 

- of  indium  and  iron  oxides,  158. 

- of  indium  and  scandium  ethyl- 

sulphates,  1. 

- of  indium,  scandium,  and  ferric  acetyl- 

acetonates,  1,  162. 

- of  radioactiuium  and  thorium  salts, 

451. 

- of  rare  earth  elements  (salts  of)  with 

one  another,  256,  261,  264-269,  272, 
273,  279,  281,  282, 

Kaolin,  104,  105,  118,  119. 

Kaolinite,  94,  97. 
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Kaolinite,  action  of  heat  on,  113. 

- in  clays,  105,  107. 

Keilhauite,  221. 

Koppite,  221. 

Kosmium,  363. 

Kunzite,  94. 

Labeadoeite,  92. 

Lantbana,  256,  406. 

- separation  of,  from  rare  earths,  341. 

Lanthanite,  221. 

Lanthanum,  404. 

- atomic  weight,  244. 

- detection,  365. 

- estimation,  368. 

- history,  222. 

- homogeneity,  358. 

- occurrence,  217. 

- preparation,  229. 

- properties,  230,  404. 

- spectrum,  arc,  309. 

- spark,  309. 

- X-ray,  312,  363. 

- thermochemistry,  405. 

- valency,  231. 

Lanthanum,  alloys  of,  404. 

Lanthanum  compounds,  404. 

- acetate,  410. 

- acetylacetonate,  279. 

- arsenate,  410. 

- arsenite,  410. 

- azide,  409. 

- borate,  282. 

- bromate,  256,  406. 

- bromide,  255,  406. 

- 1:4:  2-bromonitrobenzenesulphonate, 

281. 

- cacodylate,  280. 

- carbide,  27  0. 

- carbonate,  271,  410. 

- chloride,  252,  405. 

- double  salts,  254,  406. 

- chromate,  409. 

- p-dibromobenzenesulphonate,  281. 

- -  p-dichlorobenzenesulphonate,  281. 

- dimethylphosphate,  281. 

- dithionate,  408. 

- ethylsulphate,  278. 

- fluoride,  252,  405. 

- glycollate,  280. 

- - hydrazoate,  409. 

- hydride,  251. 

- hydroxide,  407. 

- iodate,  406. 

- iodide,  406. 

. — —  malonate,  280. 

- -  molybdate,  265. 

- nitrate,  267,  409. 

- - - double  salts,  268,  409. 

- nitride,  267. 

- m-nitrobenzenesulphonate,  281. 

- organic  salts,  280,  281,  282,  411. 

- oxalate,  273,  411. 

- oxalochloride,  411. 

• - -  oxide  (sesqui-),  256,  406. 


Lanthanum  oxychloride,  255. 

- perchlorate,  406. 

- per-iodate,  406. 

- peroxide,  407. 

- persulphide,  407. 

- phosphates,  410. 

- - phosphite,  410. 

- platinocyauide,  272,  410, 

-  sebacate,  281. 

- .selenate,  264,  409. 

- selenite,  409. 

- silicotungstate,  266. 

- sulphate,  260,  407. 

- acid  sulphate,  263. 

- - - basic  sulphate,  263. 

- double  salts,  261,  408. 

- sulphide,  259,  407. 

- sulphite,  260. 

- thiocyanate,  272. 

- tungstates,  265. 

Lapis-lazuli,  94. 

Lazurite,  95. 

Lepidolite,  93,  97. 

Leucite,  94,  97. 

Lorandite,  164. 

Loranskite,  221. 

Lucium,  363. 

Lutecia,  256,  439. 

- separation  of,  from  rare  earths,  350, 

Lutecium,  439. 

- atomic  weight,  244. 

- detection,  365. 

- estimation,  368. 

- history,  227. 

- homogeneity,  358. 

- occurrence,  217. 

- spectrum,  arc,  309. 

- spark,  309. 

- valency,  231. 

Lutecium  compounds ; 

- chloride,  252. 

- oxide  (sesqui-),  256,  439. 

- sulphate,  439. 

Lycopodium,  47. 

Magnalium,  62. 

Magnesium  aluminate,  78. 

Magnesium  boride,  17,  26. 

Magnesium  indate,  159. 

Majolica,  121. 

Malm,  118. 

Mannitoboric  acid,  35. 

Marl,  118. 

Mendozitc,  84. 

Mercury  arc  furnace,  10. 

Metaboric  acid,  30. 

Metacerium,  358. 

Meta-elements,  287,  295. 

Micas,  93. 

Mischmetall,  230. 

Monazite,  218. 

Monazite  sand,  218. 

Monium,  301. 

Montmorillonite,  108. 

Moonstone,  93. 
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Mosandrite,  221. 

Mosandrum,  223. 

Muromontite,  218. 

Muscovite,  93. 

Naceite,  108. 

Natiolite,  93,  97. 

Neodidymium,  225. 

Neodymia,  256,  418. 

- separation  of,  from  rare  earths,  341. 

Neodymium,  416. 

- atomic  weight,  244. 

- detection,  365. 

- estimation,  368. 

•  - history,  225. 

- homogeneity,  358. 

- occurrence,  217,  412. 

- preparation,  229. 

- properties,  230,  416. 

- spectrum,  absorption,  288. 

- arc,  309. 

- cathodic  phosphorescence,  300. 

- flame,  293. 

- reflection,  292. 

- spark,  309. 

- X-ray,  312,  363. 

- thermochemistry,  417. 

- valency,  231. 

Neodymium  compounds,  417. 

- acetate  (basic),  418. 

- acetylacetonate,  279. 

- bromate,  256,  418. 

- bromide,  255. 

- 1:4:2-  bromonitrobenzenesulphonate, 

281. 

- cacodylate,  280. 

•  - carbide,  270. 

- double  salts,  419. 

- chloride,  252,  417. 

- p-dibromobenzenesulphonate,  281. 

- ^-dicblorobenzenesulphonate,  281. 

- dimethylphosphate,  281. 

- ethylsulphate,  278. 

-— —  fluoride,  252,  417. 

- glycollate,  280. 

- hydride,  251. 

- hydroxide,  259,  418. 

- iodide,  255. 

- malonate,  280. 

- molybdate,  265. 

- nitrate,  267,  419. 

- double  salts,  268,  419. 

- nitride,  267. 

- m-nitrobenzenesulphonate,  281. 

- organic  salts,  280,  281,  282,  420. 

- oxalate,  273,  419. 

- - oxalonitrate,  420. 

- oxide  (sesqui-),  256,  418. 

- oxychloride,  255. 

— peroxide,  418. 

-  sebacate,  281. 

- silicotungstate,  266. 

- sulphate,  260,  419. 

- acid  sulphate,  263. 

- - - basic  sulphate,  263. 


Neodymium  sulphate  double  salts,  261, 
4i9. 

-  sulphide,  259,  419. 

- tungstates,  265. 

- uranate,  419. 

Neok  osmium,  363. 

Nephelite,  94,  97. 

Neutral  alum,  85. 

Newtonite,  97,  108. 

n,  228. 

Oligoclase,  92, 

Orthite,  218. 

Orthoboric  acid,  30. 

- esters  of,  33. 

Ortboclase,  92,  97. 

Overglaze  colours,  132,  134. 

Pandeumite,  6. 

Parian,  125,  128. 

Parisite,  221, 

Pelinite,  109. 

Perborates,  35. 

Perboric  acid,  35. 

Perfluoborates,  22. 

Permutits,  95. 

Phillipium,  224. 

Pholerite,  108. 

Phosphatic  porcelain.  See  China  ware. 
Phosphorogens,  298. 

Pitchblende,  221,  442. 

Plagioclases,  92. 

Pleonaste,  77. 

Plumbago  crucibles,  123. 

Polycrase,  220. 

Porcelain,  phosphatic.  See  China  ware. 
Porcelains,  121. 

— — ■  uses  of,  122. 

Porcelains,  hard  : 

- bodies  for,  124. 

- - brittleness  of  overheated,  128. 

- - firing  of,  128. 

- glazes  for,  131. 

- translucency  of,  128. 

- uses  of,  122. 

Porcelains,  soft,  125. 

Portland  cement  clinker,  78. 

Potassium  borofluoride,  21. 

Potassium  hydrogen  boro-oxalate,  35. 
Potassium  hypoborate,  28. 

Pottery  ware,  common,  122,  123,  132. 
Praseodidymium,  225. 

Praseodymia,  256,  413. 

- separation  of,  from  rare  earths,  341, 

Praseodymium,  412. 

- atomic  weight,  245. 

- detection,  365. 

- estimation,  368. 

- history,  225. 

- homogeneity,  358. 

- occurrence,  217,  412. 

- preparation,  229. 

- properties,  230,  412. 

- spectrum,  absorption,  288. 

- - arc,  310. 
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Praseodymium,  spectrum,  cathodic  phosphor¬ 
escence,  299. 

■  - flame,  293. 

- reflection,  292, 

- spark,  310. 

- X-ray,  312,  363. 

- thermochemistry,  413. 

- valency,  231,  412. 

Praseodymium  compounds,  412. 

- acetates  (basic),  412,  416. 

- acetylacetonate,  279. 

- bromate,  256,  413. 

- bromide,  255,  413. 

- 1:4:2-  bromonitrobenzenesulphonate, 

281. 

— —  cacodylate,  280. 

- carbide,  270. 

- carbonate,  271,  416. 

- double  salts,  416. 

- y>-dibromobenzenesulphonate,  281 . 

- ^-dichlorobenzenesulphonate,  281 . 

- dimethylphosphate,  281. 

- dioxide,  414. 

- dithionate,  416. 

- ethylsulphate,  278. 

- fluoride,  252,  413. 

- glycollate,  280. 

- hydride,  251. 

- hydroxide,  414. 

- iodide,  256. 

- malonate,  280. 

- molybdate,  265. 

- nitrate,  267,  416. 

- double  salts,  268,  415 

■  - nitride,  267. 

- wi-nitrobeuzenesulphonate,  281. 

- organic  salts,  280,  281,  282,  416. 

- oxalate,  273,  416. 

— —  oxide  (sesqui-),  256,  413. 

- oxychloride,  255. 

- oxysulphide,  414. 

- peroxide,  414. 

• - persulphide,  414. 

- sebacate,  281. 

- selenate,  264,  415. 

- selenite,  415. 

- silicotungstate,  266. 

- sulphate,  260,  414. 

- acid  sulphate,  263. 

- basic  sulphates,  263,  412. 

- double  salts,  261,  416. 

- sulphide,  259,  414. 

- tungstates,  265. 

Priceite,  6. 

Prior ite,  221. 

Pyroboric  acid,  30. 

Pyrochlore,  221. 

Pyrope,  93. 

Pyrophyllite,  97,  108. 

Radioactinium,  445. 

- atomic  weight,  454. 

- decay,  rate  of,  447. 

- history,  446. 

- preparation,  448. 


Radioactinium,  properties,  451. 

- -  radiation,  446. 

Radioactivity  of  rare  earth  minerals,  221. 
Rare  earth  metals  :  2 

- - - atomic  weigh  s,  231. 

- numerical  results,  243. 

- - practical  methods,  239. 

- cerium  group,  249. 

- classification,  246. 

- detection  of,  365. 

• - - erbium  group,  249. 

- estimation  of,  368. 

- history  of,  221. 

- homogeneity,  358. 

- occurrence,  217,  317. 

- position  in  Periodic  Table.  238, 

246. 

- preparation,  229. 

- properties,  230. 

- separation  from  other  metals,  367, 

369. 

- serial  order,  325. 

- spectra,  282. 

- - - absorption,  283. 

- - arc,  305. 

- cathodic  phosphorescence, 

294. 

- -  flame,  292. 

- — - reflection,  291. 

- -  reversion,  293. 

- spark,  305. 

- X-ray,  312,  363. 

■ - terbium  group,  249. 

- uses,  312. 

- —  valency,  231. 

- yttrium  group,  249. 

- See  also  Rare  earths. 

Rare  earth  metals,  compounds  of,  250. 

- - - acetates,  272. 

- acetylacetonates,  279. 

- borates,  282. 

- bromates,  256. 

- bromides,  255. 

- 1  :  4  :  2  -  bromonitrobenzenesul- 

phonates,  281. 

- cacodylates,  280. 

- carbides,  270. 

- - carbonates,  271. 

- chlorides,  252. 

- double  salts,  254. 

- chromates,  264. 

- iO-dibromobenzenesnlphonates,281. 

- - p-dichlorobenzenesulphonates,281. 

- dimethylphosphates,  281. 

- ethylsulphates,  278. 

- formates,  272. 

- glycollates,  280. 

- hydrides,  251. 

- hydroxides,  269. 

- iodates,  266. 

- iodides,  255. 

- malonates,  280. 

- - molybdates,  265. 

- nitrates,  267. 

- double  salts,  268. 
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Rare  earth  metals,  nitrides,  267. 

- nitrites,  267. 

- m-nitrobenzenesulphonates,  281. 

- -  oxalates,  273. 

- double  salts,  277. 

- oxides  (sesqui-),  256. 

- oxychlorides,  255. 

- phosphates,  270. 

- platinooyanides,  272. 

- sebacates,  280. 

- selenates,  264. 

- selenites,  264. 

- silicotungstates,  266. 

- sulphates,  260. 

- acid  sulphates,  2('3. 

- basic  sulphates,  263. 

- double  salts,  261. 

- sulphides,  259. 

- - - sulphites,  260. 

- thiocyanates,  272. 

- thiosulphates,  260. 

- tungstates,  265. 

- double  salts,  265. 

- metatungstates,  266. 

- See  also  under  the  compounds  of 

the  various  metals  cerium,  dys¬ 
prosium,  etc. 

Rare  earths : 

- detection  and  estimation  in  rocks, 

370. 

- extraction  from  minerals,  317, 

370. 

- - separation  from  thoria,  319,  371. 

- See  also  Rare  earth  metals. 

Rare  earths,  separation  from  one  another  : 

- analytical  methods,  371. 

- bismuth,  use  of,  as  separating 

element,  327,  349,  350. 

- cerium  earths,  separation  from  one 

another,  341. 

- from  terbium  earths,  341. 

- - from  yttrium  earths, 

338. 

- -  electrolysis,  separation  by,  343, 

355. 

- fractional  crystallisation,  323. 

- -  fractional  decomposition,  322. 

- - fractional  electrolysis,  343,  355. 

- fractional  precipitation,  322,  323. 

- fractional  sublimation,  322,  354. 

- fractionation,  322. 

- by  chemical  equivalents,  329. 

- by  magnetic  susceptibilities, 

330. 

- by  spectroscopic  observations, 

331. 

- control  of,  329. 

- groups,  preliminary  separation  of 

rare  earths  into,  338. 

- methods  available,  nature  of,  322. 

- separating  elements,  use  of,  327. 

- summary  of  useful  methods,  357, 

358. 

- terbium  earths,  separation  from 

cerium  earths,  341. 

VOL.  IV. 


Rare  earths,  terbium  earths,  separation  from 
one  another,  346. 

- from  yttrium  earths, 

340. 

- yttrium  earths,  separation  from 

cerium  earths,  338. 

- from  one  another,  350. 

- from  terbium  earths, 

340.  ^ 

Rare  earths  separation,  fractional  crystallisa¬ 
tion  of : 

- acetates,  351. 

- acetylacetonates,  351. 

- bromates,  340,  342,  348,  350,  351, 

355,  356. 

- carbonates,  double  potassium,  342. 

- chlorides,  341,  346,  348,  351. 

- citrates,  346. 

- dimetbylphosphates,  341,  348, 

350,  352. 

- ethylsulphates,  340,  342,  347,850, 

351,  355,  356. 

- formates,  347. 

- nitrates,  341,  347,  350,  351,  356, 

357. 

-  - - double  ammonium,  341,  345. 

- double  magnesium,  340,  341, 

344,  347,  349. 

- double  manganese,  341,  345, 

347,  350. 

- double  nickel,  347,  350. 

- - double  sodium,  341. 

- m-nitrobenzenesulphonates,  342, 

347,  351. 

- oxalates,  342,  347,  356. 

- double  ammonium,  351. 

- picrates,  342,  347,  351. 

— — - sulphates,  339,  342. 

Rare  earths  separation,  fractional  decom¬ 
position  of : 

- - nitrates,  343,  353,  356. 

- - sulphates,  355. 

Rare  earths  separation,  fractional  hydro¬ 
lysis  of : 

- - nitrites,  354,  355. 

- phthalates,  354. 

Rare  earths  separation,  fractional  precipita¬ 
tion  of : 

- arsenates,  353. 

- — - azides,  353. 

- — — - azobenzenesulphonates, 

353. 

- cacodylates,  353. 

- camphorates,  353. 

- chromates,  343,  352, 

356. 

- citrates,  353. 

- - - cobalticyanides,  363. 

- 1 - dimethylphosphates, 

353. 

- fcrrocyanides,  362. 

- formates,  341. 

- glycollates,  353. 

- - hydroxides,  343,  348, 

352,  355,  366. 

31 
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Rare  earths  separation,  fractional  precipita¬ 
tion  of  {continued) : 

- hypophosphites,  353. 

- iodates,  353,  366. 

- lactates,  341. 

- - - methylphosphates,  353. 

- nitrobenzoates,  353. 

- - — - - phenoxyacetates,  363. 

- - - phosphates,  353. 

- phosphites,  353. 

- sebacates,  353. 

- stearates,  348,  352. 

- succinates,  352. 

- sulphates,  double 

sodium,  339,  348. 

- sulphites,  353. 

- - - - tartrates,  353. 

- tungstates,  353. 

Rectorite,  97,  108. 

Rinkite,  221. 

Risorite,  221. 

Rowlandite,  221. 

Rubidium  borofluoride,  21. 

Ruby,  oriental,  70. 

- spinel,  77. 

- synthesis  of,  71. 

S,  225. 

S5,  225,  295. 

Sal  sedativum,  7. 

Samaria,  256,  423. 

- separation  of,  from  rare  earths,  346. 

Samarium,  420. 

- atomic  weight,  245. 

- detection,  265. 

- estimation,  368. 

- history,  224. 

- homogeneity,  358. 

- -  occurrence,  217. 

- preparation,  229. 

- properties,  230. 

- spectrum,  absorption,  289. 

— - - arc,  310. 

- cathodic  phosphorescence,  300. 

- flame,  293. 

- -  reflection,  292. 

- - reversion,  294. 

- spark,  310. 

- —  X-ray,  312,  363. 

- thermochemistry,  421. 

- valency,  231. 

Samarium  compounds,  421. 

- acetylacetonate,  279. 

- borates,  282,  425. 

- bromate,  256,  422. 

- bromide,  255,  422. 

- 1:4:  2-hromonitrobeiizenesulphonate, 

281. 

- cacodylate,  280.  • 

— ■  -  carbide,  270. 

- carbonate,  271,  424. 

- double  salts,  424. 

- chloride,  252,  422. 

- double  salts,  254,  422. 

- - subchloride,  422. 


Samarium  chromate,  424. 

- dimethylphosphate,  281. 

- ethylsulphate,  278. 

- fluoride,  252,  422. 

- glycollate,  280. 

- hydroxide,  423. 

- iodate,  42^ 

- iodide,  255. 

- subiodide,  422. 

- malonate,  280. 

■ - molybdate,  265,  424. 

- nitrate,  267,  424. 

- double  salts,  268. 

- nitride,  267. 

- OT-nitrobenzenesulphonate,  281 

- organic  salts,  280,  281,  425. 

- oxalate,  273,  425. 

- oxide  (sesqui-),  256,  423. 

- oxychloride,  255. 

- periodate,  422. 

• - peroxide,  423. 

- phosphates,  424. 

- platinocyanide,  272,  425. 

- sebacate,  281. 

- selenate,  264,  424. 

- selinite,  424. 

- silicotungstate,  266. 

- sulphate,  260,  423. 

- acid  sulphate,  263. 

- basic  sulphate,  263 

- double  salts,  261,  423. 

- sulphide,  259,  423. 

- -  sulphite,  423. 

- thiocyanate,  272,  425. 

- -  tungstates,  265,  424. 

- vanadates,  424. 

Samarskite,  220. 

Sanitaryware,  121,  132. 

Sapphire,  70. 

- synthesis  of,  71. 

- white,  70. 

- yellow,  70. 

Sassolite,  6. 

Scandium,  204. 

- atomic  weight,  208. 

- detection,  215. 

- estimation,  215. 

- history,  205. 

. - occurrence,  204. 

- spectrum,  216. 

■  - valency,  208. 

Scandium  compounds,  208. 

- acetylacetonate,  214. 

- acid  sulphate,  212. 

- aurichloride,  210. 

- basic  sulphate,  212. 

- borate,  215. 

- bromide,  210. 

- carbonate,  213. 

- chloride,  210. 

- fluoride,  209. 

- hydroxide,  211. 

-  iodate,  210. 

■  - nitrate,  212. 

- organic  salts,  214. 
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Scandium  oxalate,  213. 

- oxide,  210. 

- extraction  from  minerals,  206. 

- perchlorate,  210. 

- -  platinocyanide,  209. 

- selenate,  212. 

- selenite,  212. 

- silicate,  205. 

- sulphate,  212. 

- sulphide,  211. 

- sulphite,  211. 

- thiosulphate  (basic),  211. 

Scandium-orthite,  218. 

Scolecite,  93,  97. 

Sedimentation,  105. 

Seger  cones,  116. 

Separating  elements.  See  Bare  earths, 
separation  from  one  another. 

Serial  order  of  rare  earth  elements,  326. 
Shale,  alum,  84. 

Shales,  clay,  104. 

SUlimanite,  92. 

- in  burnt  clays,  113,  127,  128. 

Sipylite,  221. 

Slates,  104. 

Sodalite,  94. 

Sodium  aluminate,  77,  79. 

Sodium  hypoborate,  28. 

Sodium  perborate,  36. 

Spectra.  See  under  the  headings  of  the 
various  elements. 

Spessartite,  93. 

Spinel,  78. 

Spinel  ruby,  77. 

Spinels,  77. 

Spodumene,  94,  97. 

Stassfurtite,  7. 

Stilbite,  93. 

Stoneware,  121. 

- common,  121,  132. 

- fine,  123,  129,  132. 

Suffioni,  30. 

0,  228, 

Tengerite,  221. 

Terbia,  256,  429. 

- separation  of,  from  rare  earths,  346. 

Terbium,  429. 

- atomic  weight,  245.  • 

- detection,  365.  , 

- estimation,  368. 

- history,  222. 

- -  homogeneity,  358. 

- occurrence,  217. 

-  spectrum,  absorption,  289. 

- arc,  310. 

- cathodic  phosphorescence,  302. 

- reversion,  294, 

- spark,  310. 

- valency,  231. 

Terbium  compounds,  429. 

- bromide,  255. 

- -  chloride,  252. 

- -  nitrate,  429. 

- organic  salts,  429, 


Terbium  oxide  (sesqui-),  256,  429. 

- peroxide,  429. 

- silicotungstate,  266. 

- sulphate,  429. 

Terra-cottas,  121,  122. 

Thalenite,  221. 

Thallic  compounds,  173. 

- alums,  191. 

- -  arsenate,  198. 

- bromate,  184. 

- bromide,  179. 

- -  chlorate,  184. 

- chloride,  179. 

- chlorobromides,  180. 

- chromate,  193. 

- double  halides,  180. 

- double  selenates,  192. 

- double  sulphates,  191, 

■  - fluochloride,  178. 

- fluoride,  178. 

- - hydrogen  oxalate,  199. 

- hydrogen  suljjhate,  191. 

■  - hydroxide,  187. 

- iodate,  185. 

- iodide,  180. 

- nitrate  196. 

- oxalate,  199. 

■  - oxide,  186. 

- oxy  fluoride,  178. 

- perchlorate,  184. 

- phosphate,  197. 

- selenate,  192. 

- selenite,  192. 

- sulphate,  190. 

- sulphide,  188. 

Thallium,  164. 

- atomic  weight,  169. 

- detection,  201. 

- - -  estimation,  202. 

- history,  165. 

- molecular  weight,  170. 

- occurrence,  164. 

- preparation,  166. 

- properties,  167. 

• - spectrum,  169. 

- thermochemistry,  174. 

- uses,  169. 

- valency,  169, 

Thallium,  alloys  of,  174. 

Thallium  compounds,  171^ 

- alkyl  compounds,  200. 

—  antimonide,  194. 

- arsenide,  194, 

I  - dipotassium  ammonothallite,  194. 

-  nitride,  194. 

- pentaselenide,  187,  188. 

- -  pentasulphide,  188. 

- phosphide,  194. 

- uranites,  193. 

Thallothallic  compounds : 

- azide,  193, 

- bromides,  182. 

- bromosulphate,  191. 

- chlorides,  181,  182, 

- chlorobromides,  182,  183. 
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Thallothallic  cyanide,  199. 

- iodides,  183. 

- oxalate,  199. 

- oxide,  187. 

- selenide,  188. 

- sulphate,  191. 

- sulphide,  187. 

- telluride,  1 89. 

Thallous  compounds,  171. 

- acetylacetonate,  200. 

- alcoholates,  200. 

-  aluminate,  77. 

- antimonate,  198. 

- arsenates,  198. 

- - arsenite,  197. 

- azide,  193. 

- borates,  201. 

- bromate,  184. 

- bromide,  177. 

- carbonate,  198. 

- chlorate,  184. 

- chloride,  176. 

- chlorochromate,  1 93. 

- chromates,  192,  193. 

- cyanate,  199. 

- cyanide,  198. 

- dithionate,  191 

- double  chlorides,  177. 

- nitrates,  195. 

- selenates,  192. 

- sulphates,  189. 

- fluoride,  175. 

- hydrogen  fluoride,  176. 

- hypophosphate,  196. 

- nitrate,  195. 

- ortho[ihosphates,  197. 

- oxalate,  199. 

- pyrophosphate,  197. 

- -  sulphates,  190. 

- hydroxide,  185. 

- hypophosphate,  196. 

- iodate,  184. 

- iodide,  177. 

- metaphosphate,  197. 

- molybdate,  193. 

- nitrate,  194. 

- nitrite,  194. 

- orthophosphate,  196. 

- oxalate,  199. 

- oxide,  135. 

- perborate,  201. 

- perchlorate,  184. 

- permanganate,  185. 

- persulphate,  191. 

- phosphomolybdate,  193. 

- pbosphotungstate,  193. 

- pyrophosphate,  197. 

- pyrosulphate,  190. 

- selenate,  192. 

- selenide,  188. 

- selenite,  192. 

- .silicates,  200. 

- silioofluoride,  201. 

- silicomolybdate,  193. 

- silicotnngstate.  193. 


Thallous  sulphate,  189. 

- sulphide,  187. 

- sulphite,  189. 

- tellurate,  192. 

- telluride,  189. 

- thiocyanate,  199. 

- thiophosphate,  197. 

- thiosulphate,  189. 

- tungstate,  193. 

Thermit,  51,  58. 

Thoria,  separation  from  rare  earths,  319, 
371. 

Thorianite,  221. 

Thorium  in  rare  earth  minerals,  221. 

Thulia,  256,  429. 

- separation  of,  from  rare  earths,  350. 

Thulium,  437. 

- atomic  weight,  245. 

- detection,  365. 

- estimation,  368. 

- :  history,  226. 

- homogeneity,  358. 

- occurrence,  217- 

- spectrum,  absorption,  291. 

- arc,  311. 

- flame,  293. 

- spark,  311. 

- valency,  231. 

Thulium  compounds,  438. 

- acetylacetonate,  279,  438. 

— —  bromate,  256,  438. 

- 1  :  4  :  2-bromonitrobenzenesulphonate, 

281. 

- cacodylate,  280. 

- chloride,  438. 

- nitrate,  438. 

- oxalate,  438. 

- oxide  (sesqui-),  256,  429. 

- sulphate,  438. 

Tiukal,  6. 

Tiza,  7. 

Topaz,  94. 

- oriental,  70. 

Tourmaline,  94. 

Tritomite,  221. 

Turquoise,  89. 

Tysonite,  221. 

Ul^itb,  7. 

Ultramar^e,  blue,  135. 

- colour,  cause  of,  140. 

- constitution,  139. 

- history,  135. 

- manufacture,  135. 

— —  properties,  137. 

- uses,  139. 

Ultramarine,  boron,  142. 

- green,  136,  139. 

- red,  136. 

- selenium,  142. 

- silver,  138. 

- tellurium,  142. 

- violet,  138. 

- white,  138. 

Underglaze  colours,  132,  133. 
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Uralorthite,  218. 

Uvarovite,  93. 

ViCTORIUM,  301. 

Vrbaite,  164. 

Wavellite,  89. 

Websterite,  81. 

X  (Soret’s  element),  224,  225. 

Xenotime,  220. 

Ya,  224,  226. 

YB,  226. 

Ytterbia  (neo-),  256,  439. 

- separation  of,  from  rare  earths,  350. 

Ytterbium  : 

- “  atomic  ”  weight,  438. 

- history,  225,  227. 

—  salts,  252,  255,  273,  439. 

Ytterbium  (neo-),  438. 

- atomic  weight,  245. 

- detection,  365. 

- - -  estimation,  368, 
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